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Abstract 
 Stimuli-responsive materials are materials exhibit a response when exposed to specific 
external triggers.  These materials are powerful tools for material development in areas such as 
encapsulation, photoresists, sensors, self-healing materials, drug delivery, and transient 
electronic devices.  A variety of chemical triggers can be employed to stimulate materials, for 
this work the focus has been on pH-responsive materials.  Materials which can be triggered with 
pH have a variety of applications in biological and industrial fields.  This thesis is split into two 
main parts: 1) the development of acid-triggerable covalently-crosslinked polymersomes and 2) 
the design and synthesis of base-, heat-, and fluoride-sensitive poly(olefin sulfone)s.  
Polymersomes are a useful approach for encapsulation but are susceptible to environmental 
stressors and leakage.  By tuning the nanoscale architecture of the polymersomes with reversible 
chemical modifications, their stability can be improved while still allowing triggered release 
capabilities that permanently cross-linked polymersomes lack. Using dynamic covalent imine 
chemistry, terminally functionalized polymers were reversibly connected within polymersome 
membranes in the presence of reactive linkers.  The connection of these polymer was 
investigated using two polymersome systems, poly(styrene-b-acrylic acid) in Chapter 2 and 
poly(styrene-b-ethylene oxide) in Chapter 3.  Poly(olefin sulfone)s are a class of polymers 
known to degrade in the presence of base, as well as through thermolysis and radiolysis.  In order 
to develop novel materials for applications in encapsulation and transient electronic devices, 
molecular design criteria needed to achieve rapid, base degradation of poly(olefin sulfone)s at 
room temperature were investigated,.  Poly(vinyl ester sulfone)s and poly(vinyl butyl carbonate 
sulfone)s were synthesized and shown to degrade more rapidly than aliphatic poly(olefin 
sulfone)s (Chapter 4 and 5).    Additional work has focus on the design of fluoride sensitive 
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poly(olefin sulfone)s and the modulation of the thermal degradation of poly(tert-butyl carbonate 
sulfone) and poly(phthalaldehyde) (Chapter 5). 
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Chapter 1:  pH-Sensitive Materials: An Overview
 *
 
 
1.1 pH sensitive materials 
Stimuli-responsive materials are materials that exhibit a response when exposed to 
specific external triggers.  Stimuli-responsive materials are powerful tools for material 
development in areas such as encapsulation, sensors, self-healing materials, drug delivery, and 
transient electronic devices.
1-8
  A variety of stimuli can be employed to trigger materials 
including pH, photochemical, thermal, redox, and fluoride.
9-13
  For the literature examples 
covered in this section, the focus will be on pH-sensitive materials which undergo chemical 
reactions or materials property changes when exposed to a shift in pH.  pH-sensitive materials 
have been extensively investigated for biological applications, primarily focusing on aspects of 
drug delivery.
14-15
  Other applications in encapsulation could include uses in industrial 
formulations such as in industrial concentrates and two-pack systems which are triggered upon 
mixing.
16
  The modes of triggering polymers, and materials, using pH sensitive materials and the 
application of these modes will be discussed here. 
For pH-sensitive materials two main modes of triggering exist: (1) cleavage of covalent 
bonds to degrade polymers and (2) change in protonation state to alter the 
hydrophobicity/hydrophilicity of the polymer.  pH-cleavable bonds can be incorporated into 
polymers in a variety of ways to meet the desired extent of degradation for the system (Figure 
1.1).  Cleavable bonds can be incorporated into the main chain of the polymer, resulting in the 
degradation of the polymer to low molecular weight monomers or oligomers.
17
  A cleavable unit 
                                                          
*
 Portions of this Chapter are adapted from: Wang, H-C.; Zhang, Y.; Possanza, C. M.; Zimmerman, S. C.; 
Cheng, J.; Moore, J. S.; Harris, K.; Katz, J. S.  Trigger Chemistries for Better Industrial Formulations.  ACS Appl. 
Mater. Interfaces, 2015, 7, 6369–6382. 
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on the terminus of a polymer can be used to trap a kinetically unstable polymer, and cleavage of 
this unit leads to the rapid head-to-tail depolymerization or degradation of these polymers.
18
  
Incorporation of a cleavable bond in the center of a polymer chain, or at the junction between 
two polymer blocks, allows for a reduction in molecular weight or the loss of amphiphilicity.  
This mode of triggering is of particular interest in the disassembly of block copolymer (BCP) 
aggregates.
19
  Cleavable bonds can also be incorporated into the side chains of polymers.  The 
triggering of these side groups can result in a polarity change of the polymer, causing 
disassembly,
20
 or in the deprotection of the polymer backbone resulting in full degradation of the 
polymer.
21
  A final means of introducing cleavable bonds into polymeric materials involves 
installing the bonds at the crosslinking points of crosslinked materials.  Cleavage of these bonds  
 
 
Figure 1.1  Triggering modes for the degradation of pH-sensitive polymers by cleavable bonds 
located (a) at the terminus of the polymer chain, (b) at the center of the polymer chain or the 
junction between two polymer blocks, (c) in the polymer side groups, (d) throughout the polymer 
backbone, and (e) within polymer crosslinks.  (Reprinted with permission from ref 16. Copyright 
© 2015 American Chemical Society.) 
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can result in the disruption of materials properties through de-crosslinking, resulting in soluble 
polymers or small molecules.
22
  In the case of altering the protonation state, the main modes of 
triggering are the disassembly or inversion of materials due to solubility changes
23
 and the 
alteration in permeability, but not complete disassembly, of the material allowing the enhanced 
mobility of small molecule species.
24
  When used in combination, these modes of triggering have 
served as the chemical foundation for the development of pH-responsive materials for 
encapsulation and triggered release 
 Acid-sensitive stimuli-responsive materials have been extensively studied and the 
research in this area has been the subject of numerous reviews.
2,25-26
  A few representative 
examples of acid-sensitive materials will be presented along with their typical uses.  The most 
common bonds targeted for the acid–cleavage of polymers include but are not limited to acetals, 
imines, esters, aminals, and hydrazones.
25
  Biocompatable polyesters, such as poly(lactic acid) 
and poly(caprolactone), can undergo main chain hydrolysis when exposed to acid resulting in 
drug delivery.
27-28
  In addition to directly cleaving the main chain of the polymer, the use of ester 
endcaps with self-immolative poly(carbonate)s and poly(urethane)s can be used to rapidly trigger 
the head-to-tail degradation of these polymers.
18,29
  Microgels with acetal cross-linkers can be 
triggered to release protein cargo upon de-crosslinking at low pH.
30
  Acetal protecting groups 
have also been incorporated into poly(carbonate) BCPs used in polymersomes.  When triggered 
with acid, the poly(carbonate) block swells resulting in the release of cargo.
31
  Acid labile 1,3,5-
triazaadamantane, a cyclic aminal, has also been reported for its use in crosslinked hydrogels and 
dendrimers.
32-34
  In addition to the cleavage of acid labile bonds, exposure to acid can lead to 
protonation of polymers and changes in materials properties.  Photo-crosslinked, shape-persistent 
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polymersomes have been demonstrated with membranes that swell when protonated under acidic 
conditions.  This swelling allows for the free permeation of cargo to the exterior of the 
polymersome.
24
  Similar chemistries can be used to cause the protonation of diblock copolymers, 
inducing membrane inversion or disassembly.
35-36
  These examples highlight a few of the 
possible ways to capitalize upon the highly versatile acid-sensitive polymers and materials. 
 While acid-sensitive materials have been widely studied due to their relevance to drug 
delivery and other biological applications, far less interest has been dedicated to base as a 
stimulus.  Base has been demonstrated to stimulate polymer chain degradation through the 
incorporation of base-cleavable units at the end terminus or at side groups of the polymer.   
Chain-shattering polymers with base-sensitive side groups have been shown to rapidly degrade 
upon the removal of the side groups and have potential for burst release applications.
21
  
Metastable polyurethanes have been developed containing endcaps with base-sensitive groups, 
such as  fluorenylmethyloxycarbonyl (Fmoc), enabling triggered degradation.
18,37
  These 
polymers have been incorporated into core-shell microcapsules that rupture when exposed to 
piperidine and release their cargo.
18
  Additionally, polymers exist which are fully base 
degradable, including the poly(olefin sulfone) (POS) class of polymers.  POSs can be degraded 
by base through the deprotonation of the polymer backbone, followed by chain cleavage and 
unzipping resulting in the regeneration of monomers.
38
  These polymers have been reported to 
degrade with exposure to a variety of bases, including photobase generators,
39-43
 and have been 
demonstrated in the fields of switchable composites
44
 and mucosal drug delivery.
45
  A more in 
depth discussion of these polymers is discussed in Section 1.3.  Beyond the degradation of 
polymers, base-sensitivity can be used for the remodeling of materials.  In addition, examples 
also exist where polymersome membranes can be caused to invert or disassemble upon 
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deprotonation of the polymer.  Base-sensitive polymers used in these polymersomes have 
included poly(dimethylacrylamide), poly(acrylic acid) and poly (L-lysine).35,46-47  In another 
example, aniline used to catalyze the exchange of hydrazone bonds located at the junction of 
BCPs allowing for the exchange of functionalized polymers on the surface of polymersomes.
19
  
Overall, both acid- and base-triggered materials provide a versatile range of triggering modes for 
the design and development of stimuli-responsive materials. 
 
1.2 Triggered release from polymersomes in solution 
Encapsulation is utilized for the preservation, sequestration, and, ultimately in most 
cases, release of active ingredients.  Polymer capsules have been widely used in industry and 
triggered release from them has been previously reviewed.
2
  Utilized far less frequently in 
industry is encapsulation using block copolymer aggregates in solution, such as micelles, 
liposomes, and polymersomes.  These encapsulating materials are simple to assemble, remain in 
solution, and can be designed with specific triggers for release.  Many recent advances in the 
design of triggerable polymersomes and other block copolymer aggregates show promise for 
translation and adaptation in areas such as industrial formulations, drug delivery and self-healing 
materials. 
 
Figure 1.2  A schematic representation of a polymersome in an aqueous solution. 
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Micelles and polymersomes are formed through the aggregation of amphiphilic BCPs in 
solution.  Formation in both aqueous and organic solvents is possible,
48-50
  though aqueous 
systems are far more common.  The structure and properties of self-assembled BCPs have been 
thoroughly reviewed by Mai and Eisenberg.
51
   In the case of polymersomes, BCPs form a 
membrane bilayer with an inner hydrophobic layer and outer hydrophilic layer that is located 
both within the polymersome structure and outside of it (Figure 1.2).
52
  This structure allows 
polymersomes to encapsulate both hydrophilic and hydrophobic cargo, whereas micelles which 
lack a membrane bilayer can only encapsulate hydrophobic cargo.  While micelles and 
polymersomes can encapsulate cargo, they are also inherently leaky, allowing cargo to release 
from their structure over time in a passive manner.51 Environmental stressors such as solvent,
53
 
surfactants,
54
 shear,
55
 and osmotic pressure
56
 have been shown to alter the permeability of 
aggregates, and as a result, many strategies have been explored to enhance the stability of these 
materials.
6
  Generally, we expect that polymersomes and BCP micelles will be most applicable 
to aqueous formulations, generally those with minimal surfactant presence, such as agriculture, 
pharmaceutical, water treatment, or home and personal care formulations.  These concepts, 
however, can be applied to other encapsulation systems, such as capsules and matrices. 
 
1.2.1 Change in membrane properties 
The nature of the aggregate membrane is an important feature for triggered and 
controlled release.  Changes in membrane properties allow for alterable permeability, whereas 
changes in the structure of the membrane alter the stability of the aggregate structure, both 
resulting in the delivery of a payload (Figure 1.3).  The introduction of channels into a membrane 
bilayer alters the membrane morphology and enables the release of cargo where the membrane 
7 
 
 
Figure 1.3  Schematic representation of triggered release from polymersomes utilizing change in 
membrane permeability.  (Reprinted with permission from ref 16. Copyright © 2015 American 
Chemical Society.) 
 
would otherwise be impermeable.  Channels, or pores, are incorporated into the aggregates 
through multiple methods such as in the initial preparation of the aggregate,
57
 the incorporation 
of enzymes into the membrane,
58
 or through the use of blends of copolymers where certain 
blocks are more stable than others.
59-61
  Polymersomes formed from a blend of poly(lactic acid)-
b-poly(ethylene oxide) (PLA-b-PEO) and poly(butadiene)-b-poly(ethylene oxide) (PBD-b-PEO) 
have been shown to form pores over time through the hydrolysis of the polyester polymer block. 
This results in polymersomes with size exclusion properties.
59
  It has also been demonstrated that 
micelles formed from PLA-b-PEO and PLA-b-PNIPAM form PEG channels when exposed to 
temperatures above the LCST of PNIPAM altering the release profile of the micelle.
60
  Micelles 
formed from poly(caprolactone)-b-poly(asparagine) and PCL-b-PNIPAM were used to create 
charged channels through the micelle which suppressed the release of similarly charged actives 
relative to neutral actives.
61
 
The use of crosslinking is a common technique to alter the membrane properties and 
stability of block copolymer aggregates.  Irreversible crosslinking is commonly used to impart 
stability in otherwise unstable aggregates, but can alter the ability of aggregates to release cargo.  
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Polymersomes have been demonstrated utilizing hydrophobic blocks containing the pH sensitive 
poly(diethylaminoethyl methacrylate) (PDEAEMA) and the photocrosslinkable 2-hydroxy-4-
(methacryloyloxy) benzophenone.
24
  Through photocrosslinking, these structures are shape 
persistent, but when pH is lowered, significant swelling is observed resulting in enhanced cargo 
release.  Vesicles formed from BCPs whose hydrophobic layers consist of statistical copolymers 
of pH sensitive PDEAEMA and trimethoxysilyl group-containing poly(3-(trimethoxysilyl)propyl 
methacrylate) are capable of self-crosslinking in aqueous solution while also having alterable 
permeability based on pH of the system.
62
  Although crosslinking often increases the stability of 
aggregates, it cannot always limit rate of cargo release.  To further slow release in a crosslinked 
system, Talelli and coworkers demonstrated covalent attachment of a drug to the scaffold of 
crosslinks within a micelle, binding it to the assembly until cleavage of the cargo-scaffold 
bond.
63
 
Reversible crosslinking has also been used for triggered release of actives.  Crosslinking 
imparts stability and increases the retention of actives, whereas the decrosslinking allows the 
release of cargo or the disassembly of the aggregate.  Zhao and coworkers have shown that 
incorporating coumarin side groups into PEO-b-PMMA BCPs allows crosslinking to occur 
through the photodimerization of the coumarin groups.
64
  Crosslinking hindered the release of 
dye while subsequent photocleavage of the coumarin dimers was able to reverse some of the 
process and resume leakage.
64
  The same concept has been applied to poly(ethylene oxide)-b-
poly(2-(2-methoxyethoxy)ethyl methacrylate-co-4-methyl-(7-
(methacryloyl)oxyethyloxy)coumarin) polymer micelles which are stable to temperature changes 
but form a nanogel particle below the LCST of the methoxyethoxy methacrylate block.
65
  It was 
shown that the covalently-crosslinked nanogels had a slower rate of release than non-crosslinked 
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micelles.
65
  Reversible crosslinking has also been demonstrated with dynamic covalent 
hydrazone bonds which were triggered with acidic pH.
22
  While crosslinking is primarily used to 
impart stability and limit release of actives, Liu and coworkers recently reported a system in 
which crosslinking allows for the release of cargo.
66
  Using poly(ethylene oxide)-b-poly(2-
nitrobenzyloxycarbonylaminoethyl methacrylate) polymers, which contain photolabile 
carbamate-caged primary amines, stimulation caused the amines to deprotect and subsequently 
crosslink the material.  This crosslinking stabilizes the polymersome, but it also alters the 
polarity of the membrane allowing the polymersome to release both hydrophilic and hydrophobic 
cargo.  Because amines are generated, this polymersome system also can be used for triggering 
both the release and scavenging of molecules in solution.   
 
1.2.2 Change in polarity of polymers 
 
Figure 1.4  Schematic representation of triggered release from polymersomes utilizing change in 
polymer polarity.  (Reprinted with permission from ref 16. Copyright © 2015 American 
Chemical Society.) 
 
The change in the physical properties of BCPs, such as polarity and solvent-interactions, 
can lead to the destruction of aggregate species and the release of cargo (Figure 1.4).  The use of 
physical and chemical stimuli to alter the state of polymers has been demonstrated in the 
10 
 
literature and was reviewed by van Nostrum and coworkers in 2007.
67
 While other reviews have 
appeared since, there has been little focus on the mechanisms of triggering, which we hope to 
address here. 
One of the simplest ways to alter the physical properties of BCPs is through temperature.  
Altering the temperature of the system changes solvent-polymer interactions and can therefore 
change polymer hydrophobicity and mobility.  For example, Chung and coworkers demonstrated 
that the incorporation of PNIPAM into the hydrophilic block of BCPs results in the hydrophobic 
collapse of the micelles and cargo release when the temperature is increased above the LCST of 
PNIPAM.
68
  This same polymer has also been incorporated into the hydrophobic block of 
vesicles; destabilization and cargo release is observed when the temperature is decreased below 
the LCST.
69
  As an example of changing solvent-polymer interactions, vesicles of PS-b-PAA 
polymer in THF/H2O mixtures were shown to transition to micelles when the temperature was 
elevated above 50 °C allowing the vesicles to release their cargo.
70
 
Polymers with pH dependent polarity have also been successfully incorporated into 
polymer aggregates and used for triggered release.  It has been demonstrated that vesicles 
containing polymers with both a polyacid and a polybase block, such as PAA-b-PS-b-P4VP
35
 
and PGA-b-PLys,
46
 inverted the structure of their membrane with altered pH.  Liu and coworkers 
studied how the location and degree of incorporation of pH-sensitive poly(dimethylacrylamide) 
(PDMA) in the membrane can alter the pH at which the polymer is triggered.
23
  They found that 
increasing the block length of the PDMA block required a higher pH to trigger the destruction of 
vesicles while the location of the block within the membrane or the use of a statistical 
copolymerization can also alter the triggering pH. 
11 
 
Protecting groups along a BCP chain are also used to trigger a switch in polarity.  Zhao 
and coworkers utilized a coumarin-protected acrylic acid polymer to form micelles that are 
triggered to release cargo upon the cleavage of the coumarin moiety with UV or NIR stimulus.
29
  
Thayumanavan and coworkers demonstrated that a tetrahydropyranyl (THP) protected 
poly(hydroxyethyl methacrylate)-containing BCP can form micelles but will release cargo as the 
THP protecting groups are removed when exposed to low pH.
20
 
Altering the oxidation state of polymers is yet another way to induce polarity changes and 
release cargo. Triblock copolymers of PEO and poly(propylene sulfide) assemble into vesicle 
structures that when exposed to oxidative stress, such as H2O2, are oxidized to poly(propylene 
sulfoxide) then poly(propylene sulfone).
71
  Poly(propylene sulfone) is more hydrophilic than 
poly(propylene sulfide), and its presence causes the disassembly of the vesicle structure.  Large 
compound vesicles formed from BCPs containing tetraaniline as their hydrophobic block have 
been show to disassemble when exposed to voltage because of the altered oxidation state of the 
tetraaniline.
72
 
As discussed earlier, photoisomerizable units can induce changes in molecular packing 
resulting in the disruption of BCP aggregates and release of cargo.  Nassoy, Li, and coworkers 
demonstrated that the incorporation of azobenzene units into a single side of an asymmetrical 
vesicle membrane allows a UV stimulus to rupture the membrane through the isomerization of 
the azobenzenes.
73
  Alteration of the shape of the azobenzene units resulted in changes to the 
packing on one side of the polymersome membrane and the resulting stress causing the 
membrane to burst within milliseconds.  The azobenzene functional group has also been 
incorporated into micelles, where the change in polarity of the functional group upon 
photoisomerization results in destabilization of the micelles in an hour.
138
  Similarly, light has 
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been harnessed to induce differential membrane stress in composite porphyrin-polymer 
polymersomes.
75-76
 
 
1.2.3 Cleavable linkers between blocks of diblock copolymers 
 
Figure 1.5  Schematic representation of triggered release from polymersomes utilizing cleavable 
linkers between blocks of diblock copolymers.  (Reprinted with permission from ref 16. 
Copyright © 2015 American Chemical Society.) 
 
Another location in which triggerable linkers are incorporated is between the hydrophilic 
and hydrophobic blocks of amphiphilic copolymers.  By providing the relevant stimulus, the 
linker is cleaved, resulting in the separation of the blocks and loss of amphiphilicity.  Polymer 
aggregates formed from these polymers likewise are triggerable to disassemble and release their 
payload (Figure 1.5).  Hubbell and coworkers demonstrated that vesicles formed from BCPs 
composed of PEG and poly(propylene sulfide) linked through a disulfide bond could be triggered 
by reducing agents such as cysteine and dithiothreitol providing release within hours.
77
  These 
disulfide linkers have also been applied to micelles, with longer release over days 
demonstrated.
20
  Photocleavable linkers have also been incorporated into BCPs.  There are 
multiple instances of  linkers between blocks for both polymer vesicles
78-80
 and micelles,
79
 which 
upon UV irradiation are cleaved, resulting in the destruction of the aggregate and release of 
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cargo.  Other photocleavable motifs have been introduced into BCP aggregates such as α-
truxillic acid derivatives.
81
  In the case of BCPs linked by azobenzene units, enzymatic reactions 
have been used to cleave the diblocks.
82
  In lieu of covalently attached junction linkers, the use 
of supramolecular connections, such as in the case of the voltage triggerable cyclodextrin 
ferrocene supramolecular polymersome system reported by Yin and coworkers, has also been 
demonstrated.
83
  One of the distinct challenges of using cleavable linkers between blocks is that 
the hydrophilic block is removed and freely dissolves in solution, whereas the hydrophobic block 
likely remains aggregated in solution.
84
 This phenomenon was independently demonstrated by 
Meier and Burdick and their coworkers when, upon UV irradiation, vesicles with photocleavable 
linkers between blocks degrade into nanoparticles.
78-79
  Although vesicle structure is destroyed 
releasing hydrophilic cargo, the release of hydrophobic cargo from vesicles is likely incomplete 
because of polymer aggregation and precipitation. 
 
1.2.4 Degradation of the main polymer backbone 
 
Figure 1.6  Schematic representation of triggered release from polymersomes utilizing  
degradation of the main polymer backbone.  (Reprinted with permission from ref 16. Copyright 
© 2015 American Chemical Society.) 
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The degradation of polymer blocks is also a triggered release mechanism in BCP 
aggregates (Figure 1.6).  As with linker triggers, the breakdown of one of the blocks of the 
amphiphilic BCP similarly results in the loss of polymer amphiphilicity and therefore leads to the 
destruction of aggregate structures.  This method is beneficial over other methods as it may result 
in the complete breakdown of a polymer into small molecules that are more easily dispersed and 
flushed from the system.  Random chain scissions of the polymer backbone, especially of the 
hydrophobic block, lead to the destruction of polymer aggregates as the polymer is broken into 
polymer fragments, oligomers and small molecules.  Due to their biocompatible nature, 
polyesters such as PLA and PCL have been widely studied and have been incorporated into BCP 
aggregates.
27-28,85
  These polyester polymers are susceptible to hydrolysis of their backbone, 
which is catalyzed through low pH to achieve release over a time period of days.  Polymers with 
a polyacetal backbone, such as poly(ethyl glyoxylate) (PEtG), have been incorporated into 
micelles through the use of PEG-b-PEtG-b-PEG triblock copolymers.
86
  At pH 4 the rate of 
cargo release, due to the breakdown of PEtG, is increased relative to pH 7.4.
86
  Breakdown 
through random chain scissions is useful for the delivery of actives but to achieve quick, highly 
controlled release, polymers must be more strategically designed. 
Rapidly-induced release has been specifically designed through the incorporation of 
triggerable groups in the backbone of the polymer, as stabilizing units along the polymer, or as 
endcaps.  These fully degradable polymers offer the potential for a material that does not produce 
large particulate waste.  Zhao and coworkers demonstrated the incorporation of repeated 
photobreakable ONB motifs into the backbone of BCPs and the destruction of micelles and 
release of cargo within seconds with a UV stimulus.
84
  They also demonstrated the incorporation 
of dithiol groups in addition to the ONB units, imparting a second triggered release profile on a 
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longer time scale of hours.
87
  Acid-labile polycarbonates containing trimethoxybenzylidene 
acetal stabilizing groups have been incorporated into both micelles and polymersomes allowing 
for the pH dependent release of actives over days.
31
  Polycarbamate polymers stabilized with 
labile endcaps have been incorporated into BCP nanoparticles and the release has been shown to 
be time dependent based on the length of the polymer.
29
  Liu and coworkers recently reported the 
first polymersomes utilizing self-immolative BCPs which can be triggered to release cargo by 
the removal of an endcap, resulting in the head-to-tail cascade depolymerization of poly(benzyl 
carbamate).
88
  The self-immolative block was caged with visible light-, UV light- or reduction-
responsive terminal groups. The BCPs depolymerized into water-soluble compounds upon 
removal of the caging moiety when triggered by the appropriate stimulus.  
 Polymersomes are valuable tools for the delivery and triggered-release of cargo.  These 
materials can be triggered to release their payloads through a variety of mechanisms including 
changes in membrane permeability, changes in polymer polarity, cleavage of linkers between 
blocks of diblock copolymers, and degradation of the main polymer backbone.  Through careful 
molecular design, each of the mechanisms of release can be paired with any variety of external 
stimuli to fit the specific needs of a target system.  The development of polymersomes and other 
BCP aggregates for encapsulation is a growing field with the potential to revolutionize the 
delivery of cargo for many applications. 
 
1.3  Poly(olefin sulfone)s as degradable materials 
Poly(olefin sulfone)s (POSs) are a class of polymer formed from the copolymerization of 
an olefin monomer and sulfur dioxide (Scheme 1.1).  POSs have been formed using monomers 
including but not limited to aliphatic olefins, substituted acetylenes, dienes, vinyl acetate, 
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styrenes, and acrylates.
89
  When sulfur dioxide is polymerized with electron donating groups 
bonded to the vinyl carbon, a 1:1 ratio of olefin to sulfur dioxide can be achieved.
90
  When 
electron withdrawing groups are bonded directly to the vinyl carbon (e.g. methyl acrylate), or 
when the monomer can stabilize radicals through delocalization (e.g. styrene), 
homopolymerization competes with sulfur dioxide addition and alternating copolymers are not 
achieved.
91
  In these instances, the use of a less sterically hindered monomer and lower 
polymerization temperatures can lead to higher incorporation of sulfur dioxide.
52
  These 
polymers have been found to degrade when exposed to heat, ionizing radiation and base, with 
typical degradation products being the constituent monomers.
38,92-94
  Due to the diverse pool of 
monomers and the range of methods to cause degradation, POS-based materials have found 
applications in a number of areas.    
 
Scheme 1.1 Polymerization and degradation of poly(olefin sulfone)s 
 
 
The most widely studied application of POSs has been in the area of lithography.  The 
electron radiation of POSs has been studied, with the typical degradation products for aliphatic 
POSs being the regeneration of monomers from the depolymerization of the material.
96-97
  This 
property has been applied to the development of POS for electron beam resists using polymers 
such as poly(1-butene sulfone) as well as other aliphatic POSs such as linear and cyclic alkene-
sulfones.
97-101
  While polymers have been demonstrated to have high sensitivity to radiation, 
these polymers have found only limited use in lithography due to drawbacks such as the lack of 
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etch resistance in certain environments.
102
  The investigation of POSs as resists is still on going, 
with recent developments reported in the area of extreme ultraviolet lithography.
103-104
  Comb 
polymers were synthesized with a POS backbone and poly(methyl methacrylate) side chains.
104
  
This polymer was found to be highly sensitive to degradation by extreme ultraviolet radiation 
and to have enhanced structural integrity compared to POS alone.  Another report demonstrates 
the application of an o-nitrobenzyl ester functionalized POS as either a polarity switching or a 
molecular weight switching photoresists when exposed to ultraviolet and electron-beam 
radiation, respectively.
105
  The application of the radiation degradation of POSs in the 
development of aliphatic POS and carbon nanotube composites as radiation sensors has been 
demonstrated by Lobez et al.
106
  The composite was shown to  increase in conductance when 
exposed to gamma radiation due to the degradation of the insulating POSs allowing more 
interconnectivity of the exposed carbon nanotubes.   
POSs are also known to be inherently base depolymerizable, a trait which has been 
exploited to design a variety of degradable materials.  The mechanism for base depolymerization 
was first proposed by Shinoda et al.
38
  This mechanism begins with deprotonation and 
subsequent cleavage of the polymer backbone.  The polymer then unzips, resulting in the 
regeneration of monomer species as the major products.  The base-triggered depolymerization of 
poly(4-hydroxystyrene sulfone) yielded both the expected 4-hydroxy styrene monomer and 
trans-2-(4-hydroxyphenyl)ethenesulfinic acid when exposed to alkaline aqueous solution, 
indicating that the monomers are potentially not the only degradation products.
38
  Sasaki and 
coworkers have extensively studied the incorporation of photobase generators (PBG) into POSs, 
both as small molecule additives and polymer side chains.
39-43
  The PBG 4,4’-[bis[[methyl(2-
nitrobenzyl)oxy]carbonyl]trimethylene] dipiperidine is deprotected when exposed to 254 nm 
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light producing two equivalents of a piperidine derivative.
39
  This PBG has been shown to 
degrade a variety of aliphatic POSs after irradiation and heating at 120 °C.  This concept has 
been applied to both the photo-patterning of POSs films
39
 and the development of dismantlable 
thermosetting adhesives.
40
  Additionally, it has been shown that the POSs can be base-triggered 
to degrade by incorporating the PBG directly into the polymer pendent groups.
41
  A number of 
different parameters has been investigated, including the incorporation of different PBGs and the 
spacer length between the polymer and the PBG.
41-43
  Elastomeric composites containing 
aliphatic POSs have been shown to depolymerize at room temperature when exposed to NH4OH, 
n-butylamine, and piperidine, causing these materials to lose their mechanical integrity.
44
  
Poly(O-vinyl carbamate sulfone)s have recently been reported with a variety of side chains.
45
  
These polymers can be degraded under neutral to basic conditions (pH > 6) but are stable under 
highly acidic conditions, giving these materials potential for uses in mucosal drug-delivery 
applications.  The base depolymerization of POSs has been demonstrated in a variety of 
applications and has the potential to be applied to many more. 
Thermal degradation has been thoroughly studied for a variety of POSs and a wide range 
of thermal stabilities have been reported.
93-94,107-111
  The polymers described below are just a 
small sample of those possible and have been selected due to their interesting thermal properties.  
POSs with 1,3-diene monomers have onset of thermal degradation below 150 °C and degrade to 
their monomer components.
112
  If the polymer backbone is hydrogenated, the onset of thermal 
degradation for these polymers is above 280 °C, yielding a more thermally stable polymers.  
While the authors focused on the development of thermally stable polymers, their work with 
poly(1,3-diene sulfone)s could lead to the development of thermally degradable polymers with 
even lower degradation onsets through the exploration of similar monomers.  Another polymer 
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with a low thermal onset of degradation is poly(vinyl tert-butyl carbonate sulfone) which 
degrades at 91 °C to acetaldehyde, isobutylene, sulfur dioxide, and carbon dioxide.
102,113
  
Mechanistic studies have shown that the elimination of the tert-butyl carbonate pendent group is 
the rate determining step in the degradation of this polymer, though further studies are needed to 
elucidate the full mechanism.
113
  Poly(vinyl tert-butyl carbonate sulfone) was initially developed 
for use as a self-developing electron-beam resist but was found to lack the necessary thermal 
stability.
102
  Interestingly, it is this thermal instability which has led to the polymer being used 
for the development of transient electronic devices.
113
  While there have been few applications of 
thermally degradable POSs, these materials have a lot of potential for further developments and 
applications. 
 Beyond the radiation-, heat- and base-triggered depolymerization of POSs discussed, 
recently new techniques to depolymerize POSs have been reported.  Kumar and Goodwin have 
shown that poly(vinyl acetate sulfone) can be depolymerized under multiple conditions including 
exposure to reactive oxygen species and ultrasound, resulting in the regeneration of monomer.
114
 
These discoveries open POSs to new materials applications and highlight the potential of 
significant expansion of the field of POSs.  Continued research into the mechanisms of 
degradation of atypical POSs, such as poly(vinyl tert-butyl sulfone), have the potential to 
introduce a variety of new triggers into POSs allowing for even more applications of these 
polymers. 
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Chapter 2: Covalently Reinforced Polymersomes: Poly(styrene-b-
acrylic acid) 
 
2.1 Introduction 
Encapsulation of cargo is an efficient way to protect valuable active species from the 
surrounding environment while ensuring that they reach their desired location.  Polymersomes, a 
commonly employed encapsulating system, are formed from the aggregation of amphiphilic 
diblock copolymers in solution.  These polymers form a membrane bilayer with an inner 
hydrophobic layer and outer hydrophilic layer that is located both within the polymersome 
structure and outside of it.
1
  Polymersomes are of particular interest in encapsulation as they can 
be easily synthesized from a wide range of block copolymers.  Additionally, the reversibility of 
polymersome formation allows them to release their cargo under specific environmental 
conditions.
2
  However, certain challenges to using polymersomes for encapsulation still exist; 
namely, their bilayer membranes tend to be permeable which can lead to cargo leakage.
3
  In 
addition, the reversible nature of polymersomes causes them to be sensitive to environmental 
stresses, such as surfactants and ions, which affect their stability.
4
 
The environmental stability of polymersomes has been improved by cross-linking of the 
polymersome membrane,
4
 with previous efforts focusing on cross-linking of the entire 
membrane.
4-6
  However, while covalent bonds provide increased stability, depending on their 
nature these bonds can be irreversible preventing the possibility of triggered release.  As such, 
novel polymersomes were designed that were not only less permeable and more stable, but also 
preserved the potential for triggered release.  The design focused on covalently reinforced 
polymersomes with a thin layer of cross-linking within the hydrophobic portion of the membrane 
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(Figure 1).  It was envisioned that this cross-linking would provide stability while retaining the 
ability of a polymersome to be disassembled through the use of reversible bonds.  To introduce 
the cross-links, diblock copolymers were targeted with terminal functional groups that could be 
covalently bonded together by introducing small molecules into the system.  While terminally 
functionalized polymers have previously been utilized in polymersomes as polymerizable units 
for cross-linking,
7
 to our knowledge the introduction of small molecule cross-links has not been 
reported. 
 
 
Figure 2.1  Overview of covalently reinforced polymersomes. 
 
In order to have both covalent bonding and reversibility, dynamic covalent chemistry was 
targeted as a means to link the polymer chains within the polymersomes.  Dynamic covalent 
bonds can be reversibly formed and broken through a thermodynamically controlled 
equilibrium.
8
  The use of dynamic covalent chemistry offers the opportunity to not only stabilize 
polymersome materials through crosslinking, but also allows for the possibility to reverse the 
bonds through a perturbation to the equilibrium, such as a change in pH.  Initially, imine bonds 
were selected as the means to connect the polymers within the polymersome membrane.  Imine 
bonds are a well-studied class of dynamic covalent bonds, and have previously been used for the 
formation of aggregate species.  Imine bonds were used to connect hydrophilic and hydrophobic 
29 
 
polymers together creating superamphiphiles that can both self-assemble and disassemble 
through the reversible imine bond.
9,10
  However, in all of the previous reports the imine bond has 
been used to create an amphiphile and was formed before aggregation.  The goal of this research 
project is to first assemble aggregate species and then subsequently link the amphiphiles in the 
membrane (Figure 2.1). 
Two different block copolymer systems were studied: the first based on poly(styrene)-b-
poly(acrylic acid) (PS-b-PAA), and the second involving poly(styrene)-b-poly(ethylene oxide) 
(PS-b-PEO). For clarity, each system will be discussed individually, in Chapter 2 and Chapter 3 
respectively. 
 
2.2 Synthesis of aldehyde-functionalized poly(styrene-b-acrylic acid) diblock copolymers 
Polymersomes utilizing PS-b-PAA diblock copolymers are well characterized in the 
literature and were chosen for the preliminary investigations.  A wide variety of factors that 
influence PS-b-PAA polymersome formation have been studied such as polymer molecular 
weight, diblock ratio, solvent, pH, additives, polydispersity index (PDI), permeability, and 
membrane elasticity.
2,11-13
 
PS-b-PAA diblock copolymers used for polymersome formation have previously been 
synthesized through sequential anionic polymerizations of styrene and acrylic acid.
11
    These 
reactions provided low polydispersity index (PDI) diblock copolymers.  Due to initiation with 
AIBN, this synthetic route did not provide for an easy means to terminally functionalize the 
diblock copolymers.  To overcome this challenge, PS-b-PAA diblock copolymers were 
synthesized through sequential atom transfer radical polymerization (ATRP) reactions followed 
by a deprotection step.  This choice in polymerization allowed for simple end terminus 
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functionalization of the PS-b-PAA copolymers through the use of a functionalized initiator while 
allowing for low PDI materials (Scheme 2.1).
14
 
 
Scheme 2.1  Synthesis of functionalized poly(styrene-b-acrylic acid) 
 
To prepare terminally functionalized diblock copolymers, mono- and di-aldehyde functionalized 
ATRP initiators were synthesized.  All initiators were prepared by utilizing the appropriate 
functionalized phenol in an esterification reaction with α-bromoisobutyryl bromide.  The 
synthesis of the mono-aldehyde functionalized initiator 1 proceeded through the one step 
esterification of 4-hydroxybenzaldehyde with α-bromoisobutyryl bromide (Scheme 2.2).15  This 
initiator was effective for initiating ATRP polymerizations when freshly prepared but degraded 
over time when stored at 4 °C.   
 
Scheme 2.2  Synthesis of mono-functionalized ATRP initiator 
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A di-aldehyde functionalized ATRP initiator 6 was prepared in a four-step synthesis 
beginning with 5-hydroxyisophthalic acid (2) (Scheme 2.3).  First, 2 was refluxed in methanol 
with sulfuric acidic to obtain (5-Hydroxy-1,3-phenylene)dimethanol (3).
16
  Compound 4 was 
synthesized through the LAH reduction of 3.
17
  The work up of the resulting mixture with 10% 
sulfuric acid was critical to producing the desired triol.
17
   Compound 4 was then oxidized to 5 
using MnO2.
18 
 The difunctionalized initiator 6 was then prepared through the esterification of 5 
with α-bromoisobutyryl bromide.15 
 
Scheme 2.3  Synthesis of di-functionalized ATRP initiator 
 
As mentioned above, PS-b-PAA was synthesized through sequential polymerizations of 
styrene and tert-butyl acrylate by ATRP followed by the acid deprotection.  The poly(styrene) 
block was synthesized first utilizing (1-bromoethyl)benzene (1) as an initiator and a CuBr/ 
N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA) catalyst system to form a PS  
macroinitiator.
14
  The PS macroinitiator was then used to initiate the polymerization of tert-butyl 
acrylate, resulting in a poly(styrene)-b-poly(tert-butyl acrylate) (PS-b-PtBA) diblock copolymer.  
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In this second polymerization, CuBr2 was added to the CuBr/PMDETA catalyst system to 
modulate the polymerization of tert-butyl acrylate and acetone was added as a co-solvent to 
enhance the solubility of PS.
14
  By varying the reaction time diblock copolymers were obtained 
with the same length of PS but varying lengths of PtBA (Table 1).  Thermal gravimetric analysis 
was used to determine the ratio of PS to PtBA by comparing the weight % loss in the PS and 
PtBA degradation events (Figure 2). 
 
Table 2.1  Summary of PS-b-PAA Polymers. 
 PS PS-b-PtBA PS-b-PAA  
Initiator MW 
(PDI)
a
 
MW 
(PDI)
a
 
MW 
(PDI)
a
 
% D
b
 
1 1.9–22.8 kDa 
(<1.10) 
2.8-30.3 kDa 
(<1.15) 
2.8-30.3 kDa 
(<1.15) 
100% 
2 7.0 kDa 
(<1.10) 
8.8-9.5 kDa 
(<1.12) 
8.8-9.5 kDa 
(<1.11) 
100% 
6 7.0 kDa 
(<1.10) 
c
 
c
 100% 
a
MW = molecular weight, PDI = polydispersity index; as determined by GPC (eluent = THF). 
b
% D = Percent deprotection shows the % of tert-Butyl functionality that was removed, as 
determined by thermal gravimetric analysis. 
c
A significant shoulder was observed in the GPC 
chromatographs of these materials, precluding accurate determination of the polymer MW and 
PDI. 
 
The PS-b-PtBA copolymer was then deprotected by stirring overnight in a 1:1 (v:v) mixture of 
dichloromethane (DCM) and  trifluoroacetic acid (TFA).
19
  NMR, IR and TGA confirmed the 
complete deprotection of the PtBA block to PAA (Figure 2.2).  Overall, this synthetic route 
provided PS-b-PAA diblock copolymers in a variety of molecular weights, ratios of blocks and 
with low PDI (Table 2.1). 
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Figure 2.2  Thermogravimetric analysis of PS66-b-PAA16.5 during the three stages of synthesis.   
 
After establishing the polymerization conditions, functionalized initiators were employed 
in order to prepare the desired end-functionalized polymers. Both aldehyde initiators were able to 
produce the desired PS-b-PAA with low PDI through ATRP reactions based on the 
aforementioned polymer synthesis.  
1
H
 
NMR analysis revealed that the resulting diblock 
copolymers were not fully functionalized with the desired aldehyde group, as summarized in 
Table 2.2.  Additionally, with sequential polymerizations, overall functionality was further 
reduced.  The deprotection of PtBA had little impact on the functionality.  Previous reports 
found that when using 2, or a very similar initiator, high aldehyde functionality was retained 
after the ATRP of styrene, oligo(ethylene glycol)methyl ether methacrylate, 2-
(dimethylamino)ethyl methacrylate, and 2-(diethylamino)ethyl methacrylate.
20,21
  The loss of 
functionality could be attributed to the initiation of polymerization by impurities in the reaction 
or by the removal of either the aldehyde or the entire 4-hydroxybenzaldehyde portion of the 
initiator molecule during the polymerization reaction.  While complete functionalization was not 
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achieved, the mono-functionalized polymers were used as a proof of concept while exploring the 
connection of polymer chains by imine bond chemistry. 
 
Table 2.2  Summary of functionalization of PS-b-PAA Polymers. 
 % Functionalization
a
 
Initiator PS PS-b-PtBA PS-b-PAA 
1 0% 0% 0% 
2 73% 56% 
(~23% loss) 
55% 
(~2% loss) 
6 65% <1% 
(100% loss) 
b
 
a 1
H NMR was used to determine the % of aldehyde functional groups that were present on the 
polymer. % loss shows the amount of functionalization that was depleted after each synthetic 
step. 
b
Not determine due to complete loss in previous step. 
 
2.3 Formation of poly(styrene-b-acrylic acid) diblock copolymer aggregates in water 
With the PS-b-PAA polymers, polymersomes were prepared utilizing a solvent-switching 
method similar to those described by the Eisenberg group.
11,22
  A variety of parameters were 
explored in order to obtain the goal of monodisperse polymersomes of approximately 100 nm in 
diameter including stirring rate, water content, co-solvent, and rate of water addition as well as 
sonication, “freezing” and incubation periods.   Ultimately, the best polymersomes were 
prepared by dissolving the polymer in dioxane (~ 1 wt % polymer) and then adding water 
dropwise until ~ 40% water content was reached.  The resulting solution was stirred for 24 h 
before being added to excess water and performing dialysis against DI water to remove residual 
dioxane (Figure 2.3).  Once formed, the polymersomes were characterized by transmission 
electron microscopy (TEM) and dynamic light scattering (DLS). 
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Figure 2.3 Schematic representation of the formation of PS-b-PAA diblock copolymer 
aggregates in solution. 
 
A series of PS-b-PAA polymers with PS blocks of ~7 kDa formed polymersomes and/or 
micelles depending on the PAA block length (Figure 2.4).  Interestingly, these polymers are the 
smallest reported molecular weight PS-b-PAA copolymers to exhibit polymersome formation.
23
  
As shown in Figure 4a and b, the copolymers with 10 mol % and 15 mol % PAA formed 
polymersomes, while at 20 mol % micelle structures are favored (Figure 2.4c).  The dependence 
of polymersome morphology on the ratio of the hydrophobic block to the hydrophilic block is in 
agreement with the literature.
24
  In general, a lower percent of the hydrophobic block tends to 
form polymersome aggregates, while higher ratios of the hydrophobic block forms worm-like 
and spherical micelles.
25
 
When mono-aldehyde functionalization was introduced into similar polymers different 
morphologies were observed.  For both the 15 and 20 mol % PAA polymers, the observed 
features for the aldehyde containing polymers were considerably larger than those of the 
unfunctionalized materials (Figure 2.4d-e).  The largest difference was observed for the PS-b-
PAA materials at 20 wt% PAA, which formed polymersomes when functionalized and micelles 
when unfunctionalized.  These results were similar to those obtained by DLS (Figure 2.5).  The 
difference in aggregate size and morphology may be a result from changing the alignment of the 
polymer chains as a consequence of the presence of the aldehyde functional groups in the 
membrane.  However, the polymers utilized, while similar in MW, were not exactly the same,  
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Figure 2.4  TEM micrographs of polymer aggregates from PS-b-PAA polymers (a) PS67-b-
PAA7.6 (10 mol % PAA), (b) PS67-b-PAA11.6 (15 mol % PAA), (c) PS66-b-PAA16.5 (20 mol % 
PAA),  (d) HCO-PS65-b-PAA11.5 (15 mol % PAA), (e) HCO-PS65-b-PAA15.1 (19 mol % PAA). 
Scale bars units are in nm. 
 
 
 
Figure 2.5  DLS analysis of polymer aggregates from PS-b-PAA polymers (a) PS67-b-PAA7.6 
(10 mol % PAA), (b) PS67-b-PAA11.6 (15 mol % PAA), (c) PS66-b-PAA16.5 (20 mol % PAA),  
(d) HCO-PS65-b-PAA11.5 (15 mol % PAA), (e) HCO-PS65-b-PAA15.1 (19 mol % PAA). 
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which could also cause minor differences in morphology.  In order to fully explore the changes 
in morphology, more polymers could be synthesized to determine if the phenomenon is 
applicable to different molecular weight polymers. 
 
2.4  Encapsulation of dye within poly(styrene-b-acrylic acid) polymersomes 
 Polymersomes are of particular interest due to their ability to encapsulate both 
hydrophobic dye, within the polymersome membrane bilayer, and hydrophilic dye, within the 
aqueous interior of the polymersome.  Polymersomes have been previously reported to leak 
significant amounts of cargo over time.
3
  The permeability of PS-b-PAA polymersomes was 
determined by monitoring the loss of dye from polymersome solutions subjected to dialyses by 
UV/Vis or fluorescence spectroscopy. 
 Nile Red, a hydrophobic dye, was incorporated into the polymersome by introducing it in 
organic polymer solution.  The resulting solution was dialyzed to remove any residual dye that 
had not been encapsulated.  Monitoring the dye loading over 4 days, while the polymersome 
solution was subjected to dialysis to remove leaked dye, indicated little to no loss of dye (Figure 
2.6a).  Additionally, minimal alteration to the polymersome structure in the presence of dye was 
observed (Figure 2.6b-c).  This result was expected as the hydrophobic dye is unlikely to leak out 
into the aqueous environment. 
Next, Rhodamine B, a hydrophilic dye, was loaded into the PS-b-PAA polymersomes by 
introducing the dye into the water used to form the polymersomes.  After dialysis, the 
fluorescence intensity of the polymersome solutions was determined and the solutions were 
subjected to further dialysis to remove leaked dye over a period of weeks, with the dye 
concentration being periodically determined.  In the absence of polymersomes, the dye was 
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completely removed from the system by dialysis within two days (Figure 2.7).  When 
polymersomes were stored in their standard solution of DI water, dye leakage was observed at a 
rate of  0.62 % ± 0.11 % per day (Figure 2.7, Table 2.2).  While the polymersome membrane is 
permeable, the leakage of dye in DI water was at a slow rate. 
 
 
Figure 2.6  (a) Retention of Nile Red dye within PS-b-PAA polymersomes as monitored by 
UV/Vis spectroscopy. TEM micrographs of polymersomes without (b) and with (c) Nile Red 
dye.  Scale bars are 200 nm. 
 
 After establishing the baseline rate of dye leakage from the PS-b-PAA polymersomes, 
the polymersomes were exposed to different environments to probe their stability.  When 
subjected to 25 vol % of dioxane in water, dye leakage was complete in under 5 days (Figure 
2.8) due to the dioxane plasticizing the polymersome membrane and allowing small molecules to 
flow more freely through the membrane.  The introduction of 0.1 M sodium dodecyl sulfate 
(SDS) also increased the rate of dye leakage to 2.85 ± 0.41 % per day due to the interactions of 
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the surfactant with the polymersome membrane.  Both acid (pH = 3) and base (pH = 9) caused 
dye leakage to increase as well, with base causing more of an impact due to changes in the extent 
of protonation of the PAA block.  Of the environments, 1M NaCl caused the smallest increase in 
the rate of degradation (Figure 2.8, Table 2.3).   
 
Table 2.3  Rate of Rhodamine dye leakage from PS-b-PAA polymers exposed to different 
conditions. 
Conditions Rate of Dye Leakage (%/ day) 
DI Water 0.62 ± 0.11 
Acidic (pH 3) 1.11 ± 0.19 
Basic (pH 4) 2.67 ± 0.15 
1M NaCl 0.97 ± 0.17 
0.1M SDS 2.85 ± 0.41 
 
 
Figure 2.7  Leakage of Rhodamine B dye from water solution (red) and polymersomes solutions 
(blues) dialyzed against water.  Dye leakage was monitored by fluorescence spectroscopy. 
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Figure 2.8  Leakage of Rhodamine B dye from polymersomes exposed to (a) aqueous acidic and 
basic solutions and (b) solutions of NaCl, SDS and dioxane in water. 
 
2.5  Connection of terminal aldehyde-functionalized polymers via imine bonds in solution 
Before examining the dynamic covalent imine chemistry in polymersomes, initial studies 
were performed to show that aldehyde functionalized PS homopolymers (PS-CHO) and various 
amines (e.g., aniline and phenylenediamine) could form imine bonds in toluene (i.e. a solvent 
with similar polarity to the hydrophobic PS membrane) (Scheme 2.4).   
 
Scheme 2.4  Generalized connection of polymers through imine bonds 
 
 
In designing the reactions to induce imine bond formation, it was desirable to target 
conditions at room temperature that were compatible with water and air.  Under these conditions, 
imine bonds were formed both in the presence and absence of weak organic acids, as confirmed 
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by both NMR and GPC studies.  Initial studies using NMR spectroscopy showed imine bond 
formation between PS-CHO and aniline in a variety of conditions in toluene (Table 2.4, Figure 
2.9).  In toluene, full conversion of aldehyde to imine was observed.  Solvents, which were 
typically used to prepare aggregate species, were then doped into the toluene solutions.  
Fortuitously, the addition of dioxane, the solvent ultimately determined to form the best 
polymersomes, resulted in complete conversion.  In the case of DMF and THF, imine bonds 
were still favored but incomplete conversion was observed.  The inclusion of acetic acid in the 
reaction also resulted in full conversion, but the addition of saturated levels of water appeared to 
impede imine bond formation.  Seeing as water is produced during the formation of imines, the 
addition of water to the system was expected to shift the equilibrium to disfavor complete 
conversion to the imine.  Additionally, it was shown that imine bonds could be formed between 
PS-CHO and 2-aminoanthracene, a fluorescent molecule (Figure 2.10).  This chemical 
modification provides a potentially useful ability to monitoring the tagging of polymer chains 
within polymersomes using UV/Vis or fluorescence spectroscopy. 
 
Table 2.4  Formation of imine bonds between aniline and aldehyde functionalized poly(styrene) 
homopolymers in toluene with varied additives. 
Additive % Conversion 
None 100 % 
6 % THF 92 % 
6 % Dioxane 100 % 
6 % DMF 86 % 
1M Acetic Acid 100 % 
Saturated H2O 70 % 
a
 Determined by NMR integration 
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Figure 2.9 Representative 
1
H NMR of imine bond formation between aniline and aldehyde-
functionalized poly(styrene) homopolymers in chloroform; aldehyde (9.94 ppm) and imine (8.40 
ppm). 
 
 
Figure 2.10  UV/Vis spectra of aldehyde-functionalized poly(styrene) homopolymers tagged 
with 9-aminoanthracene dye: (a) no dye and (b) 1 equiv of dye.  Inset: gel permeation 
chromatography trace of polymers after tagging reaction. 
 
In the presence of both toluene and 1M acetic acid, PS-CHO polymer chains were 
connected by p-phenylenediamine (Figure 2.11).  Full conversion was not achieved likely due to 
the incomplete functionalization of PS-CHO (Table 2.1).  While full conversion was not 
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achieved, this experiment does serve as a proof of concept that using this system, the connection 
of polymers within polymersome membrane is possible. 
 
 
Figure 2.11  Connection of aldehyde functionalized poly(styrene) homopolymers through imine 
bond formation with p-phenylenediamine in toluene at room temperature (a) no amine, no acid; 
(b) 1 equiv amine, no acid; (c) no amine, 1M acetic acid; (d) 1 equiv amine, acid.  Monitored by 
gel permeation chromatograph in THF. 
 
To further assess the conditions for imine bond formation, a variety inorganic and organic 
bases as well as water were screened.  These studies were conducted in THF as the solvent and 
may be less accurate than the toluene studies as THF is less representative of the polymersome 
membrane environment where the bonds would be formed.  The role of water in imine bond 
formation was assessed by doping water, at different concentrations into solutions of aniline and 
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polymer in THF in the presence and absence of acetic acid (Figure 2.12, Table 2.5).  It was found 
that at all concentrations the presence of water inhibited the formation of imine bonds.  
Additionally, in this study it was observed that 1M acetic acid seemed to also inhibit the 
formation of imine bonds, suggesting that the concentration of acid was too high or that a 
different acid was required. 
 
Figure 2.12  Imine formation between mono-aldehyde functionalized poly(styrene) and aniline 
in d8-THF in the presence of varying amounts of water and 1M acetic acid. 
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Figure 2.13  Imine formation between mono-aldehyde functionalized poly(styrene) and aniline 
in d8-THF the presence of 1M of various organic and inorganic acids. 
 
A variety of acids were also screened at a concentration of 1M to see which led to the best imine 
bond formation (Figure 2.13, Table 2.5).  Inorganic acids, such as phosphoric acid, sulfuric acid, 
and hydrochloric acid, led to no imine bond formation.  Conversely, weak organic acids, such as 
isovaleric acid, propanoic acid, acetic acid and formic acid, lead to the best conversion of 
aldehyde to imine.  Overall, the ability to form imine bonds demonstrates the feasibility of 
forming imines within the polymersome membrane provided the amines are able to permeate the 
membrane and find a terminal aldehyde. 
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Table 2.5:  Formation of imine bonds between aniline and aldehyde functionalized poly(styrene) 
homopolymers in dTHF with varying amounts of 1M acid. 
Additive Ratio of aldehyde:imine
a
 
Sulfuric acid 1:0 
Phosphoric acid 1:0 
Hydrochloric aicd 1:0 
Formic acid 1:2.1 
Trifluoroacetic acid 1:0.1 
Dichloroacetic acid 1:0.2 
Pyruvic acid 1:0 
Glacial acetic acid 1:4.2 
Propanoic acid 1:8.2 
Isovaleric acid 1:25 
a
 Determined by NMR integration 
 
2.6 Influence of additives on poly(styrene-b-acrylic acid) diblock copolymer aggregates in 
water 
Amines were introduced to the polymersomes by including them in the dioxane or water 
used for polymersome formation.  Both the PS-b-PAA and OHC-PS-b-PAA polymersomes 
revealed altered morphology when amines were introduced.  When aniline was added during 
polymersome formation, either in the water or the dioxane, smaller polymersome morphologies 
were observed compared to the absence of aniline (Figure 2.14).  Beyond aniline, other amines 
were investigated for their ability to connect polymers in solution.  p-Phenylenediamine and 
melamine were both introduced to the water and the resulting aggregates were once again 
significantly smaller than the polymersomes in the absence of amine (Figure 2.15).  When tris(2-
aminoethyl)amine was introduced, nanoparticles were formed instead of, or in addition to, small 
polymersomes and micelles (Figure 2.15d).  It was hypothesized that the tris(2-
aminoethyl)amine was forming crosslinks within the PAA portion of the polymers resulting in  
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Figure 2.14  TEM micrographs of  polymer aggregates of HCO-PS65-b-PAA15.1 (19 mol % 
PAA): (a) with no aniline present, (b) 1.5 equiv of aniline introduced in water during aggregate 
formation, (c) 1.5 equiv of aniline introduced in dioxane during aggregate formation, and (d) 1.5 
equiv of aniline introduced after aggregate formation. Scale bar units in nm. 
 
Figure 2.15  TEM micrographs of HCO-PS65-b-PAA15.1 (19 mol % PAA) exposed to additives 
added in water used to form polymersome, (a) no additives, (b) 1.5 eq–uiv p phenylenediamine, 
(c) 1.5 equiv melamine, (d) 1.5 equiv trisaminoethylamine. Scale bar units in nm. 
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particle formation.
26
  Additional investigations were conducted to determine how the amines 
were interacting with the polymersome aggregates. 
To better understand the changes in morphology, various parameters of amine addition 
were examined. Increasing amine concentration led to smaller polymersomes or micelles as 
characterized by TEM (Figure 2.16).  These images were processed using ImageJ software to 
measure the diameter of the aggregates and the thickness of the polymersome membranes.  The 
value of membrane thickness was plotted against diameter as seen in Figure 2.17.  Both the 
average membrane thickness and the average diameter of the aggregates decreased with 
increasing concentrations of amine.  This same trend was observed when the solutions were 
subjected to DLS (Figure 2.18).  These results are similar to those reported by the Eisenberg 
group, who varied concentrations of NaOH.
27,28
  Eisenberg posited that the change in 
polymersome morphology occurred due to acid-base chemistry in the PAA block.  The acid-base 
reactionresulted in increased electrostatic repulsion of polymersome chains and favoring smaller 
species without a polymer bilayer.
27,28
  When NaOH was introduced instead of aniline in the 
polymersomes, micelles formed, while aniline at the same concentration still resulted in 
primarily polymersomes. Collectively these results suggested that the amine-altered 
polymersome morphologies resulted from the same interactions that caused polymersome 
morphologies to change when NaOH was introduced; however, as aniline is a weak base the 
impact on morphology was reduced. 
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Figure 2.16  TEM micrographs of polymersomes of PS67-b-PAA7.6 exposed during formation to 
aniline (a) 0 equiv, (b) 1.5 equiv, (c) 15 equiv, (d) 75 equiv, and (e) 150 equiv; and (f) 1.5 equiv 
of NaOH. Scale bar units in nm. 
 
 
Figure 2.17 Relationship between wall thickness and size of vesicles prepared from PS67-b-
PAA7.6 in the presence of varying concentrations of aniline and NaOH. 
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Figure 2.18.  DLS analysis of polymersomes of PS67-b-PAA7.6 exposed, during formation, to 
aniline (a) 0 equiv, (b) 1.5 equiv, (c) 15 equiv, (d) 75 equiv, and (e) 150 equiv; and (f) 1.5 equiv 
of NaOH. Scale bar units in nm. 
 
Similar to the above studies, adding aniline after the formation of polymersomes altered 
the morphology as well.  However, in this case amine addition caused the polymersomes to 
aggregate and lose their defined spherical shape (Figure 2.14d).  It is believed that the amines 
enter the membrane of the polymersomes and interact with the PAA layer, ultimately changing 
the membrane properties. When the polymersomes are preformed, the morphology cannot be 
completely changed leading to the alteration of the membrane properties and distinct 
morphological changes.  Moreover, if the amines are interacting with the PAA they are not able 
to enter the PS layer of the polymersome and therefore never reaching the terminal aldehydes. 
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Figure 2.19.  TEM micrographs of polymersomes of PS67-b-PAA7.6 formed in the presence of 
30 mM (a) no additive, (b) benzoic acid, (c) phenol, (d) benzaldehyde, (e) methyl benzoate, (f) 
aniline. Scale bar units in nm. 
 
The effects of introducing the amines into the polymersomes proved problematic for the 
formation of covalently linked polymersomes with an aldehyde terminal group and alternative 
additives were investigated to see if the morphology changes could be avoided.  Collectively, 
polymersome alteration was examined in the presence of a variety of different additives 
including aniline, benzaldehyde, benzoic acid, methylbenzoate and phenol (Figure 2.19-2.21).  
All of the additives (at concentration of 30 mM) led to smaller polymersomes, though aniline 
resulted in the smallest features.   
From the data obtained, it was hypothesized that the additives are undergoing one or two 
pathways of morphology change.  Firstly, the additives may interact with the membrane which 
results in altered polymersome morphology similarly to those observed when solvents of 
different polarities are employed.
11
  The same solvent-like interactions may take place when 
aniline is introduced, however the role of basic interactions with PAA as described above cannot 
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be excluded and may result in increasingly smaller aggregate species when equal molar 
equivalents are introduced.  
 
 
Figure 2.20 Relationship between wall thickness and size of vesicles prepared from PS67-b-
PAA7.6 in the presence of varying concentrations of aniline and NaOH. 
 
The use of aqueous buffers after the formation of the polymersome structures was also 
characterized (Figure 2.22).  In buffers of pH 4 and above, distortion of the aggregate 
morphology was observed.  These changes could due to similar rational as in the presence of the 
organic amines in that the buffers interact with the PAA portion of the polymersomes.  
Additionally, polymer aggregates could not be formed in the presence of buffer solutions; the 
polymer precipitated upon addition of the buffer solution.  Ultimately, the undesired changes in 
morphology, when exposed to additives and buffers, precluded the use of PS-b-PAA 
polymersomes for encapsulation applications as it would be difficult to compare the properties of 
the control and experimental groups because of the morphology differences. 
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Figure 2.21  DLS analysis of polymersomes of PS67-b-PAA7.6 formed in the presence of 30 mM 
(a) no additive, (b) benzoic acid, (c) phenol, (d) benzaldehyde, (e) methyl benzoate, (f) aniline. 
Scale bar units in nm. 
 
 
Figure 2.22  TEM micrographs of preformed polymersomes incubated in (a) pH 3 buffer, (b) pH 
4 buffer, (c) pH 5 buffer, (d) no buffer (ca. pH 6), (e) pH 9 buffer, (f) pH 11 buffer, (g) pH 13 
buffer, and (h) 1.5 equiv NaCl. 
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2.7 Conclusion 
 Through the use of ATRP, PS-b-PAA diblock copolymers were synthesized in a variety 
of molecular weight and block ratios with low PDIs.  Full functionalization of the polymers was 
not achieved through the use of functionalized ATRP initiators, but the ability to connect 
polymers in solution through imine bonds was demonstrated.  The synthesized PS-b-PAA 
diblock copolymers were effectively assembled into polymersomes using a solvent-switching 
method.  Additionally, these polymersomes were able to encapsulate both hydrophilic and 
hydrophobic dyes.  While the formation of polymersomes was efficient under standard 
procedures, it was observed that the addition of a wide range of additives during, or after, 
polymersome formation resulted in significant changes of aggregate morphology.  Due to the 
challenges functionalizing PS-b-PAA and the morphology changes observed when additives 
were introduced into PS-b-PAA aggregate species, it was determined that this system was 
unsuitable for the preparation of covalently crosslinked polymersomes.  Further work was 
performed using the less reactive PS-b-PEO diblock copolymer system and post-
functionalization of the polymers.  This work is covered in Chapter 3. 
 
2.8 Experimental details 
2.8.1 Materials and methods 
All commercially available reagents were used as received without further purification, 
unless otherwise specified.  Prior to use, styrene and tert-butyl acrylate monomers were run 
through basic alumina to remove inhibitors and then sparged with nitrogen.  Acetone used for 
polymerization was also sparged with nitrogen prior to use.  Unless otherwise noted, all reactions 
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were carried out under argon atmosphere using standard Schlenk techniques in a chemical fume 
hood.  All glassware was oven-dried prior to use. 
All 
1
H and 
13
C NMR spectra were recorded using a Varian 400 or 500 MHz 
spectrometer.  All chemical shifts are reported relative to the deuterated solvent [
1
H (CDCl3) δ = 
7.26 ppm or 
1
H (CD2Cl2) δ = 5.32 ppm].  Analytical gel permeation chromatograph (GPC) 
analyses were performed with a Waters (1515) Isocratic HPLC pump, a Waters (2998) 
Photodiode Array Detector, a Waters (2414) Refractive Index Detector, a Waters (2707) 96-well 
autosampler, and a series of 4 Waters HR Styragel columns (7.8 x 300mm, HR1, HR3, HR4, and 
HR5) in THF at 30 °C. The GPC was calibrated using monodisperse polystyrene standards. UV-
Vis spectra were recorded using a Shimadzu UV-2401PC.  Standard quartz cells and standard 
quartz flow cell cuvettes with a path length of 1 cm were purchased from Starna Cells.  
Thermogravimetric analysis was performed on a Mettler-Toledo TGA/DSC1, calibrated by 
indium, aluminum and zinc standards.  Samples were heated in an alumina crucible at a rate of 
10 °C/min under a nitrogen atmosphere over a temperature range of 25 °C to 600 °C.  Dynamic 
light scattering was performed on a NICOMP 380 ZLS and data was fit using the NICOMP 
model.  Transition electron microscopy was performed on a Philips CM200 operating at 120 kV 
using holey carbon coated 200 mesh Cu grids (#3620C-MB from SPI Supplies). 
 
2.8.2 Synthesis of mono-functional ATRP initiator 
4-Formylphenyl 2-bromo-2-methylpropanoate (2) 
In a round bottom flask, 5-hydroxy-isophthalaldehyde (7.00 g, 57.3 mmol, 1 equiv) was 
combined with 60 mL DCM but did not dissolve.  Triethylamine (8 mL g, 57.3 mmol, 1 equiv) 
was added to the mixture and all the solids dissolved.  4-Dimethylaminopyridine (527 mg, 4.3 
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mmol, 0.075 equiv) was then added to the solution and it was cooled in an ice bath.  In a separate 
flask, α-bromoisobutyryl bromide (9.9 mL, 80.1 mmol, 1.4) and 65 mL DCM were combined.  
The α-bromoisobutyryl bromide solution was then added to the aldehyde solution in a dropwise 
manner over 30 min.  The solution was warmed to room temperature and allowed to stir 
overnight.  The resulting mixture was filtered by vacuum filtration to remove precipitates.  The 
filtrate was then washed with water (x2), saturated sodium bicarbonate (x3), water (x3) and brine 
(x1).  The solution was dried over magnesium sulfate, filtered and concentrated by rotary 
evaporation.  The resulting oil was purified by column chromatography with 5:1 hexanes:ethyl 
acetate.  Recrystallization from hexanes afforded 3,5-diformylphenyl 2-bromo-2-
methylpropanoate as colorless crystals (4.071 g, 31 %).  
1
H NMR (400 MHz, CDCl3) δ 9.99 (s, 
2H), 7.94 (d, 3H), 7.31 (d, 2H), 2.06 (s, 6H). 
 
2.8.3 Synthesis of di-functional ATRP initiator 
Dimethyl 5-hydroxy-isophthalate (3) 
5-hydroxyisophthalic acid (10.009 g, 55 mmol, 1 equiv) was dissolved in 160 mL of anhydrous 
methanol in a 500 mL round bottom flask.  Concentrated sulfuric acid (6 mL, 110 mmol, 2 
equiv) was added to the flask in a dropwise manner and the solution was refluxed overnight.  The 
reaction solution was cooled to room temperature and the solvent was removed via rotary 
evaporation.  The resulting solids were re-dissolved in ethyl acetate, then washed sequentially 
with a 10% sodium bicarbonate solution followed by a saturated bicarbonate solution.  The 
organic layer was dried with magnesium sulfate and the solvent was removed by rotary 
evaporation.  Dimethyl 5-hydroxy-isophthalate was produced as a white solid (9.006 g, 78 % 
yield).  
1
H NMR (400 MHz, CDCl3) δ 8.27 (s, 1H), 7.74 (s, 2H), 3.94 (s, 6H). 
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(5-Hydroxy-1,3-phenylene)dimethanol (4) 
Dimethyl 5-hydroxy-isophthalate (1.050 g, 5 mmol, 1 equiv) was dissolved in 5.25 mL of dry 
THF in a 10 mL pear-shaped flask.  In a 100 mL round bottom flask, LAH (0.352 g, 9.25 mmol, 
1.85 equiv) was stirred with 17.5 mL of dry THF.  In a dropwise manner, the ester solution was 
added to the LAH solution before refluxing for 3 h.  The reaction mixture was cooled in an ice 
bath and 10 % sulfuric acid in water (7 mL) and the solvent was then removed by vacuum 
distillation.  Ethyl acetate was added to the mixture and stirred for 30 min.  The mixture was then 
extracted with ethyl acetate (x 5) and the organic layers were combined and dried over 
magnesium sulfate.  The solvent was removed via vacuum filtration yielding (5-hydroxy-1,3-
phenylene)dimethanol as a white solid (0.592 g, 77 % yield).  
1H NMR (400 MHz, Acetone) δ 
6.44 (s, 1H), 6.37 (s, 2H), 4.18 (d, 4H). 
 
5-Hydroxy-isophthalaldehyde (5) 
To a solution of (5-hydroxy-1,3-phenylene)dimethanol (1.653 g, 10.7 mmol, 1 equiv) in 13 mL 
THF was added 115 mL of DCM, for an overall ratio of 1:9 THF:DCM.  Manganese dioxide 
(7.274 g, 83.7 mmol, 7.8 equiv) was added and the solution was refluxed for 4 days.  The 
solution was cooled to room temperature, then filtered through Celite and washed with DCM.  
The solution was concentrated by rotary evaporation then loaded on a silica column and eluted 
with 2:1 hexanes:ethyl acetate.  5-Hydroxy-isophthalaldehyde was produced as a colorless oil 
(0.882 g, 54 % yield).  
1
H NMR (400 MHz, CDCl3) δ 10.05 (s, 2H), 7.97 (s, 1H), 7.62 (s, 4H). 
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3,5-Diformylphenyl 2-bromo-2-methylpropanoate (6) 
In a round bottom flask, 5-hydroxy-isophthalaldehyde (0.476 g, 3.13 mmol, 1 equiv) was 
combined with 5 mL DCM but did not dissolve.  Triethylamine (0.488 g, 3.13 mmol, 1 equiv) 
was added to the mixture. All solids dissolved and the solution turned yellow.  4-
Dimethylaminopyridine (29 mg, 0.24 mmol, 0.075 equiv) was then added to the solution and it 
was cooled in an ice bath.  In a separate flask, α-bromoisobutyryl bromide (0.54 mL, 4.4 mmol, 
1.4) and 5 mL DCM were combined.  The α-bromoisobutyryl bromide solution was then added 
to the aldehyde solution in a dropwise manner over 10 min.  The solution was warmed to room 
temperature and allowed to stir overnight.  The resulting mixture was filtered by vacuum 
filtration to remove precipitates.  The filtrate was then washed with water (x2), saturated sodium 
hydroxide (x3), water (x3) and brine (x1).  The solution was dried over magnesium sulfate, 
filtered and concentrated by rotary evaporation.  The resulting oil was purified by running 
through a silica plug with 2:1 hexanes:ethyl acetate.  3,5-Diformylphenyl 2-bromo-2-
methylpropanoate was produced as a colorless oil (0.734 g, 78 %).  
1
H NMR (400 MHz, CDCl3) 
δ 10.11 (s, 2H), 8.30 (s, 1H), 7.94 (s, 2H), 2.10 (s, 6H). 
 
2.8.4 Synthesis and characterization of poly(styrene-b-acrylic acid) diblock copolymers 
General synthetic procedures for poly(styrene) (PS) 
To a flame dried Schlenck flask was added a stir bar and a small amount of styrene.  
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (36.5 μL, 0.17 mmol, 0.1 equiv) was 
then added to the flask, followed by CuBr (25.5 mg, 0.78 mmol, 0.1 equiv).  The rest of the 
styrene (20 mL, 175.6 mmol, 100 equiv total) was added to the flask and used to wash down the 
solids and the solution turned green.  The initiator (1-bromoethyl)benzene (233 μL, 1.74 mmol, 1 
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equiv) was added and the flask was quickly sealed and submerged in liquid nitrogen.  Three 
cycles of freeze-pump-thaw were performed and the flask was backfilled with nitrogen.  The 
solution was then polymerized at 100 °C in an oil bath for the desired amount of time (9 h - 24 
h).  Following polymerization, the flask was quickly transferred to an ice bath to halt the 
reaction.  Acetone was added to the flask and the polymer solution was run through a plug of 
silica to remove the catalyst from solution.  The solution was then concentrated and precipitated 
twice into cold methanol.  The resulting white powder was collected via vacuum filtration and 
freeze dried.  
1
H NMR (400 MHz, CDCl3) δ 7.34-6.26 (-C6H5), 2.62-0.59 (-CH2-CH(C6H5)-).   
 
Synthetic procedures for mono- and di- functionalized poly(styrene) (OHC-PS and (OHC)s-PS) 
To a flame dried Schlenck flask was added a stir bar and a small amount of styrene.  The 
initiator, 2 or 6, (molecular weight variable, 1 equiv) was then added to the flask, followed by 
CuBr (18.5 mg, 0.13 mmol, 0.15 equiv).  The rest of the styrene (10 mL, 87.3 mmol, 100 equiv 
total) was added to the flask and used to wash down the solids.  PMDETA (27 μ, 0.13 mmol, 
0.15 equiv) was added, the solution turned green and the flask was quickly sealed and submerged 
in liquid nitrogen.  Three cycles of freeze-pump-thaw were performed and the flask was 
backfilled with nitrogen.  The solution was then polymerized at 100 °C in an oil bath for the 
desired amount of time (9 h - 24 h).  Following polymerization, the flask was quickly transferred 
to an ice bath to halt the reaction.  Acetone was added to the flask and the polymer solution was 
run through a plug of silica to remove the catalyst from solution.  The solution was then 
concentrated and precipitated twice into cold methanol.  The resulting white powder was 
collected via vacuum filtration and freeze dried.  The ratio of aldehyde functional group to PS 
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was determined using 
1
H NMR integration of the aldehyde peak to the aromatic peaks in 
deuterated DCM. 
OHC-PS: 
1
H NMR (400 MHz, CD2Cl2) δ 10.05-9.82 (-CHO), 7.53-6.09 (-C6H5), 2.52-0.64 (-
CH2-CH(C6H5)-). 
 (OHC)2-PS: 
1
H NMR (400 MHz, CD2Cl2) δ 10.01-9.34 (-CHO), 7.53-6.09 (-C6H5), 2.52-0.64 
(-CH2-CH(C6H5)-). 
 
General synthetic procedures for poly(styrene-b-tert-butyl acrylate) (PS-b-PtBA) 
To a flame dried Schlenck flask was added a stir bar and tert-butyl acrylate (2 mL, 13.8 mmol, 
65 equiv).  The PS macroinitiator (1 equiv, molecular weight variable) was then added to the 
flask in small portions allowing for all to dissolve before adding more.  Three cycles of freeze-
pump-thaw were performed and the flask was backfilled with nitrogen.  CuBr (15.1 mg, 0.11 
mmol, 0.5 equiv), CuBr2 (4.1 mg, 0.02 mmol, 0.1 equiv), and PMDEATA (22 μL, 0.11 mmol, 
0.5 equiv) were then added to the flask and washed down with acetone (0.6 mL).  Three 
additional cycles of freeze-pump-thaw were performed and the flask was backfilled with 
nitrogen.  The solution was then polymerized at 60 °C in an oil bath for the desired amount of 
time (0.5 h - 4 h).  Following the polymerization, the flask was quickly transferred to an ice bath 
to halt the reaction.  Acetone was added to the flask and the polymer solution was run through a 
plug of silica to remove the catalyst from solution.  The solution was then concentrated and 
precipitated twice into cold 1:1 methanol:water.  The resulting white powder was collected via 
vacuum filtration and freeze dried.  The ratio of PS to PtBA was determined by TGA.  The ratio 
of aldehyde functional group to PS was determined using 
1
H NMR integration of the aldehyde 
peak to the aromatic peaks in deuterated DCM. 
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PS-b-PtBA: 
1
H NMR (400 MHz, CDCl3) δ 7.34-6.26 (-C6H5), 2.62-0.59 (-CH2-CH(C6H5)- and 
–CH2-CH(COOH)- and (-COOC(CH3)3). 
OHC-PS-b-PtBA: 
1
H NMR (400 MHz, CD2Cl2) δ 9.98-9.89 (-CHO), 7.53-6.09 (-C6H5), 2.52-
0.64 (-CH2-CH(C6H5)- and –CH2-CH(COOH)- and (-COOC(CH3)3).   
(OHC)2-PS-b-PtBA: 
1
H NMR (400 MHz, CD2Cl2) δ 9.92-9.85 (-CHO), 7.53-6.09 (-C6H5), 
2.52-0.64 (-CH2-CH(C6H5)- and –CH2-CH(COOH)- and (-COOC(CH3)3).     
 
General synthetic procedures for poly(styrene-b-acrylic acid) (PS-b-PAA) 
PS-b-PtBA (~1.25 – 1.50 g) was combined in a vial with 4 mL of dichloromethane and 4 mL of 
trifluoroacetic acid.  The solution was stirred overnight at room temperature.  The solvents were 
then removed via rotary evaporation and the resulting solids were redissolved in dioxane.  The 
solution was then precipitated into a mixture of ice and water.  The solids were collected via 
vacuum filtration, dissolved in dioxane and reprecipitated into ice and water.  The polymer was 
dried on high vacuum overnight to yield a white solid.  The ratio of aldehyde functional group to 
PS was determined using 
1
H NMR integration of the aldehyde peak to the aromatic peaks in 
deuterated DCM. 
 
OHC-PS-b-PtBA: 
1
H NMR (400 MHz, CDCl3) δ 7.34-6.26 (-C6H5), 2.62-0.59 (-CH2-
CH(C6H5)- and –CH2-CH(COOH)-). 
OHC-PS-b-PtBA: 
1
H NMR (400 MHz, CD2Cl2) δ 9.98-9.89 (-CHO), 7.53-6.09 (-C6H5), 2.52-
0.64 (-CH2-CH(C6H5)- and –CH2-CH(COOH)-). 
 (OHC)2-PS-b-PtBA: 
1
H NMR (400 MHz, CD2Cl2) δ 7.53-6.09 (-C6H5), 2.52-0.64 (-CH2-
CH(C6H5)- and –CH2-CH(COOH)-). 
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1
H NMR Characterization of non-functionalized and functionalized polymer 
 
Figure 2.23  
1
H NMR spectrum of PS51 in deuterated chloroform. 
 
Figure 2.24  
1
H NMR spectrum of OHC-PS65 in deuterated dichloromethane. 
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Figure 2.25  
1
H NMR spectrum of (OHC)2-PS65 in deuterated dichloromethane. 
 
Figure 2.26  
1
H NMR spectrum of PS52-b-PtBA5 in deuterated chloroform. 
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Figure 2.27  
1
H NMR spectrum of OHC-PS65-b-PtBA15 in deuterated dichloromethane. 
 
Figure 2.28  
1
H NMR spectrum of (OHC)2-PS65-b-PtBA10 in deuterated dichloromethane. 
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Figure 2.29  
1
H NMR spectrum of PS-b-PAA in deuterated chloroform. 
 
Figure 2.30  
1
H NMR spectrum of OHC-PS65-b-PAA15 in deuterated dichloromethane. 
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IR Characterization of non-functionalized, functionalized and connected polymer 
 
 
Figure 2.31 Infrared spectra of PS, PS-CHO, and PS-CHN-C6H5 (functionalized PS that has 
formed an imine bond with aniline). 
 
2.8.5 Preparation of poly(styrene-b-acrylic acid) diblock copolymer aggregates 
General procedures for the formation of PS-b-PAA diblock copolymer aggregates 
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In a 20 mL vial, PS-b-PAA (~26.3 mg, 1 wt %) was dissolved in dioxane (3 mL) by stirring 
overnight.  The solution was filtered through a 0.45 μm syringe filter into a fresh 20 mL vial.  Of 
the resulting solution, 2 mL was transferred to a 7 mL vial.  A syringe pump was used to add DI 
water (1.34 mL, 40 wt %) at a rate 0.5 mL/min to the vigorously stirred polymer solution. As 
more water was added, the solutions became increasingly turbid.  The solution was stirred for 24 
h, then added to 14 mL of DI water.  The resulting solution was then dialyzed against DI water 
(Spectra/Por 2 dialysis tubing, 12-14K MWCO from Spectrum Labs) for 3 days, changing the 
dialysis water every 12 h, to remove the organic solvent.  Diblock copolymer aggregates were 
characterized using TEM and DLS. 
 
Image J Processing of TEM images 
Image J software was used to measure the diameters and membrane thicknesses of diblock 
copolymer aggregates.  Micelles were considered to have a membrane thickness of zero.  For 
each sample 50 measurements of each kind were taken from multiple TEM images. 
 
2.8.6 Encapsulation of dye and dye leakage 
Encapsulation and leakage of hydrophobic Nile Red dye 
Following the above procedures for aggregate formation a solution of 0.5 mg/mL Nile Red in 
dioxane was substituted for the organic solvent, the polymer solution had a bright orange-pink 
color.  As DI water was added to the polymer and Nile Red solution, the solution turned 
magenta, then purple as well as turbid.  The solution was then subjected to dialysis against DI 
water for 3 days (Spectra/Por 2 dialysis tubing, 12-14K MWCO from Spectrum Labs) to remove 
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organic solvent.  After 3 days, dialysis was continued and the UV/Vis absorbance of the solution 
was monitored periodically. 
 
Encapsulation and leakage of hydrophilic Rhodamine B 
Followed the above procedures for aggregate formation substituting a solution of 0.5 mg/mL 
Rhodamine B for the water and scaling up the procedure to utilize 8 mL of the 1 wt % polymer 
solution and 5.3 mL of Rhodamine B solution and the polymersome solution was transferred into 
40 mL of water after 24 h incubation.  The resulting polymersome solution was bright pink.  The 
solution was then subjected to dialysis against DI water for 3 days (Spectra/Por 2 dialysis tubing, 
12-14K MWCO from Spectrum Labs) to remove organic solvent.  To introduce different 
conditions, 3 mL of the polymersome solution was combined with 9 mL of the desired solution 
to reach the desired concentration of additive (1M NaCl, 0.1M SDS, 25 vol % dioxane, etc.).  
The solution was transferred into a dialysis cassette (Slide-A-Lyzer® Dialysis Cassette G2, 
3,500 MWCO from Thermo Scientific) and dialysis was continued while the fluorescence 
intensity of the solution was monitored periodically. 
 
2.8.7 Imine bond formation 
Formation of imine bonds between aniline and PS-CHO in toluene with varied additives 
Polymer PS-CHO (3.5 kDa, 0.2 g, 0.06 mmol, 1 equiv) was weighed out into a 7 mL vial and 
aniline (10.7 μl, 0.12 mmol, 2 equiv) was added.  The appropriate amount of acid, or other 
additive, was added and THF or toluene was added to take the total volume to 3 mL.  The vial 
was sealed and stirred at room temperature for 2 days.  The solution was subjected to rotary 
evaporation to remove the toluene.  The resulting solids were redissolved in acetone, precipitated 
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into cold methanol, and collected via vacuum filtration.  If the acid persisted in the resulting 
solids, the precipitation was repeated.  The polymers were characterized using gel permeation 
chromatography in THF. 
 
Tagging of PS-CHO through imine bond formation with 9-aminoanthracene 
In a vial, 0.2 g (0.075 mmol, 1 equiv) of PS-CHO (2.7 kDa) was combined with 2-
aminoanthracene (14.5 mg, 0.075 mmol, 1 equiv).  THF was added to take the total volume to 3 
mL.  The vial was sealed and stirred at room temperature for 2 days.  The solution was subjected 
to rotary evaporation to remove the toluene.  The resulting solids were redissolved in acetone, 
precipitated into cold methanol, and collected via vacuum filtration.  The polymers were 
characterized using gel permeation chromatography in THF. 
 
Connection of PS-CHO polymers through imine bond formation with p-phenylenediamine 
In a vial, 0.2 g (0.06 mmol, 1 equiv) of PS-CHO (3.5 kDa) was combined with p-
phenylenediamine (3.1 mg, 0.03 mmol, 1 equiv) and acetic acid (172 ul, 1M).  Toluene was 
added to take the total volume to 3 mL.  The vial was sealed and stirred at room temperature for 
2 days.  The solution was subjected to rotary evaporation to remove the toluene.  The resulting 
solids were redissolved in acetone, precipitated into cold methanol, and collected via vacuum 
filtration.  The polymers were characterized using gel permeation chromatography in THF. 
 
2.8.8 Addition additives to polymersome solutions 
Introduction of additives during polymersome preparation 
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Following the above general procedures for aggregate formation, either a solution of additive in 
dioxane or additive in water was substituted.  Unless otherwise specified, the additive was added 
in the water step.  The rest of the procedure was the same. 
 
Introduction of additives after polymersome preparation 
Following the general procedures for aggregate formation as outlined above.  After dialysis, the 
solutions were removed from the dialysis tubing and diluted to a final volume of 20 mL.  A 1 mL 
aliquot of the polymersome solution was taken and combined with 20 μl of a stock additive 
solution to achieve the desired equivalency of additive.  The solution was allowed to stir for 3 
days prior to characterization with TEM and DLS. 
 
Introduction of buffers after polymersome preparation 
Following the general procedures for aggregate formation as outlined above.  After dialysis, the 
solutions were removed from the dialysis tubing and diluted to a final volume of 20 mL.  Buffer 
solution (0.1M, 5 mL) was added to 1 mL of polymersome solution to achieve the desired 
equivalency of additive.  The solution was allowed to stir for 2 days prior to characterization 
with TEM and DLS. 
 
2.9 References 
1.  Forster, S.; Antonietti, M. Adv. Mater. 2003, 15, 1323-1333. 
2.  Soo, P. L.; Eisenberg, A. J. Polym. Sci. Part B. Polym. Phys. 2004, 42, 923 – 938. 
3.  Discher, D. E. and Ahmed, F. Annu. Rev. Biomed. Eng. 2006, 8, 323-341. 
4.  Chambon, P.; Blanazs, A.; Battaglia, G.; Armes, S. P. Langmuir 2012, 28, 1196-1205. 
71 
 
5.   Li, Y.; Lokitz, B. S.; McCormick, C. L. Angew. Chem. Int. Ed. 2006, 45, 5792– 5795. 
6.  Hales, M.; Barner-Kowollik, C.; Davis, T. P.; Stenzel, M. H. Langmuir 2004, 20, 10809-
10817. 
7.  Nardin, C.; Hirt, T.; Leukel, J.; Meier, W. Langmuir 2000, 16, 1035-1041. 
8.  Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F. Angew. 
Chem. Int. Ed. 2002, 41, 898-952. 
9. Wang, C.; Wang, Z.; Zhang, X.  Acc. Chem. Res. 2012, 45, 608-618.  
10. Minkenberg, C. B.; Li, F.; van Rijn, P.; Florusse, L.; Boekhoven, J.; Stuart, M. C. A.; Koper, 
G. J. M.; Eelkema, R.; van Esch, J. H. Angew. Chem. Int. Ed. 2011, 50, 3421 –3424. 
11. Yu, Y.; Zhang, L.; Eisenberg, A. Macromolecules 1998, 31, 1144. 
12. Choucair, A.; Soo, P. L.; Eisenberg, A.  Langmuir 2005, 21, 9308-9313. 
13. Chen, Q.; Vansco, G. J. Macromol. Rapid. Commun. 2011, 32, 1704-1709. 
14.  Davis, K. A.; Charleux, B.; Matyjaszewski, K.  J. Polym. Sci. Part A. 2000, 38, 2274-2283. 
15.  Bertal, K. and MacNeil, S.  Biomacromolecules 2009, 10, 1875-1887. 
16.  Ramkumar, S. G.; Rose, K. A. A.; Ramakrishnan, S. J. Polym. Sci. Part A. Polym. Chem. 
2010, 48, 3200-3208. 
17.  Ashton, P. R.; Anderson, D. W.; Brown, C. L.;  Shipway, A. N.; Stoddart, J. F.; Tolley, M. 
S. Chem. Eur. J. 1998, 4, 781. 
18.  Servin, P.; Rebout, C.; Laurent, R.; Peruzzini, M.; Caminade, A.; Majoral, J. Tetrahedron 
Lett. 2007, 48, 579-583. 
19.  Priem, T.; Bouteiller, C.; Camporese, D.; Brune, X.; Hardouin, J.; Romieu, A.; Renard, P.  
Org. Biomol. Chem. 2013, 11, 469. 
20.  Liu, H.; Jiang, X.; Fan, J.; Wang, G.; Liu, S. Macromolecules 2007, 40, 9074-9083. 
72 
 
21.  Conradi, M. and Junkers, T. Macromolecules 2011, 44, 7969–7976. 
22.  Lim, S. P. and Eisenberg. A. J. Polym. Sci. B. 2004, 42, 923-938. 
23.  Mai, Y. and Eisenberg. A. Chem. Soc. Rev. 2012, 41, 5969–5985. 
24.  Bertal, K. and MacNeil, S. Biomacromolecules  2009, 10, 1875-1887. 
25.  Lim, S. P. and Eisenberg. J. Polym. Sci. B. 2004, 42, 923-938. 
26.  Kowalewski, T.; Remsen, E. E.; Gertzmann, R.; Wooley, K. L. J. Am. Chem. Soc. 1997, 
119, 11653-11659. 
27.  Ma, L. and Eisenberg, A. Langmuir 2009, 25, 13730-13736. 
28.  Zhang, L.; Eisenberg, A. Macromolecules 1996, 29, 8805-8815. 
  
73 
 
Chapter 3: Covalently Reinforced Polymersomes: Poly(styrene-b-
ethylene oxide) 
 
3.1 Introduction 
As discussed in Chapter 2, polymersomes, aggregates of amphiphilic diblock copolymers 
in solution, are useful encapsulants but are sensitive to environmental stressors which limit their 
applications.
1
  It has been proposed these polymersomes can be stabilized through a covalent 
shell-wall network (Figure 3.1).  This crosslinked network is formed between the two layers of 
amphiphilic polymers in the vesicle membrane.  By using reversible dynamic covalent imine 
chemistry to form the network structure, it is possible to control both the stability and 
disassembly of the polymersome.  This disassembly has applications in the triggered release of 
encapsulated actives from the polymersome.  While cross-linking of polymersomes is known,
2-4
 
the formation of a reversible network in polymersomes has not been explored. 
 
Figure 3.1  Overview of covalently reinforced polymersomes. 
 
Due to the difficulties encountered with the poly(styrene-b-acrylic acid) (PS-b-PAA) 
system, the poly(styrene-b-ethylene oxide) (PS-b-PEO) system was explored.  PS-b-PEO was 
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chosen because the PEO hydrophilic block is more chemically inert than PAA. As a result, PS-
b-PEO was expected to be unreactive with chemical additives unlike PS-b-PAA.  While not as 
widely studied as PS-b-PAA, PS-b-PEO polymersomes have been reported and characterized 
previously.
5-7 
 
3.2 Synthesis of aldehyde-functionalized poly(styrene-b-ethylene oxide) diblock copolymers 
The desired PS-b-PEO polymers were prepared in two steps starting from commercially 
available monomethyl ether PEO (Scheme 3.1).  Esterification of the PEO gave macroinitiators 
(~73% functionalized).
8
  A variety of block lengths of PEO were assessed, including 0.6 kDa, 
1.2 kDa, 2 kDa, and 5 kDa.  The two lower molecular weight macroinitiators could only be used 
to primarily create polymers with low percent PEO (ca. 3 mol % for 0.6 kDa PEO) resulting 
predominantly in large compound micelles (LCMs), not polymersomes.  More reasonable ratios 
of PEO to PS were obtained using the 5 kDa macroinitiator, but the overall polymer was too 
large to create uniform species due to less polymer chain mobility.  The 2 kDa PEO black was 
found to be ideal for polymersome formation and was used for subsequent experiments.  These 
macroinitiators were then used to initiate the polymerization of styrene in cyclohexanone with a 
CuBr/PMDETA catalyst.
8,9
  Using varied reaction times it was possible to prepare a series of 
polymers with varying degrees of polymerization of styrene (Table 3.1).  These polymers were 
characterized with nuclear magnetic resonance (NMR) and gel permeation chromatography 
(GPC) and were found to have low polydispersity. 
The end functionalization of these diblock copolymers was then obtained through Cu-
catalyzed azide-alkyne cycloaddition (CuAAC) (Scheme 2.2).
10
  To obtain difunctionalized 
diblock copolymers, 5-ethynylisophthalaldehyde (7) was prepared using a synthetic route 
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Scheme 3.1  Synthesis of PEO-b-PS polymers. 
 
 
Table 3.1  PEO-b-PS polymers prepared through ATRP synthesis. 
 
Polymer
a
 % PEO
a
 MW
a
 PDI
b
 
PS284-b-PEO44 13% 32 kDa 1.14 
PS227-b-PEO44 16% 26 kDa 1.12 
PS165-b-PEO44 21% 19 kDa 1.14 
PS151-b-PEO44 23% 18 kDa 1.12 
PS113-b-PEO44 28% 13 kDa 1.12 
M:Init:Cat:Lig = 440:1:0.5:0.5, 41 vol% cyclohexanone 
aDetermined by NMR characterization. bDetermined by GPC characterization. 
 
Scheme 3.2  Synthesis of functionalized PEO-b-PS polymers. 
 
 
beginning from 5-bromoisophthalic acid (2) as outlined in Scheme 2.3.   First, 2 was refluxed in 
methanol with sulfuric acid to obtain the methyl ester (3).
11
  Ethynyltrimethylsilane was then 
installed on the molecule via Sonogashira coupling, yielding compound 4.
12
  Compound 6 was 
synthesized through the LAH reduction of 4,
13
 followed by the oxidation of compound 5 using 
pyridinium dichromate.
12 
 The trimethylsilane protecting group of 6 was then removed with 
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potassium carbonate resulting in the difunctionalized end cap 7.
14
  Monofunctionalization of 
these polymers was obtained using commercially available 4-ethynylbenzaldehyde (1) as an 
endcap.  After obtaining the endcap small molecules, the reactions in Scheme 2.2 were carried 
out.  First, the terminal bromine functional group was substituted with an azide functional 
group.
15,16
  This step was followed by the CuAAC reaction which resulted in an 80% or greater 
functionalization of the diblock copolymers with aldehyde groups, as determined by NMR 
integration.
 15,16
  The resulting aldehyde functionalized polymers were characterized by NMR 
and infrared spectroscopy (IR) and it was verified that no polymers were connected in the 
process by GPC. 
 
Scheme 3.3  Monofunctionalized and difunctionalized endcap molecules and the synthesis of 5-
ethynylisophthalaldehyde. 
 
 
3.3 Formation of poly(styrene-b-ethylene oxide) diblock copolymer aggregates in water 
With a series of PS-b-PEO polymers obtained, it was possible to screen for the ideal ratio 
of PEO to PS for uniform polymersome formation.  Initial screening of polymersome formation 
was performed by dissolving 1 wt % polymer in DMF, THF or dioxane based on previously 
reported methods.
5-7
  With DMF as the solvent, aggregates prepared with the lowest percent 
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PEO resulted in the formation of large compound micelles (LCMs) (Figure 3.2).  With 
increasing percent PEO, the morphologies transformed into rosebud-type polymersomes and 
finally into large compound polymersomes (LCPs).  Using THF as solvent resulted in 
hexagonally packed compound micelles at low percent PEO.  With increasing percentages of 
PEO these aggregates became rosebud type polymersomes and finally classic polymersomes at 
28 mol % PEO (Figure 3.3).  Dioxane was the most successful of the solvents, at low percent 
PEO LCPs were obtained but with increasing percentages of PEO larger polymersomes (21-23 
mol % PEO) and smaller polymersomes (28 mol % PEO) were formed (Figure 3.4).  The 
polymersomes obtained from the 21-23 mol % PEO polymers in dioxane were determined to be 
optimal for the current studies.   
 
 
Figure 3.2.   TEM micrographs of PS-b-PEO polymersome samples formed from DMF with 
varied PEO percentages: (a) 13 mol %, (b) 16 mol %, (c) 21 mol %, (d) 23 mol % and (e) 28 
mol %. 
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Figure 3.3   TEM micrographs of PS-b-PEO polymersome samples formed from THF with 
varied PEO percentages: (a) 13 mol %, (b) 16 mol %, (c) 21 mol %, (d) 23 mol % and (e) 28 
mol %. 
 
A scaled up polymer synthesis yielded PEO44-b-PS145 with 23 mol % PEO.  This 
polymer was used for further optimization of polymersome formation.  To optimize 
polymersome formation a variety of factors were explored including water content and rate of 
water addition.  The amount of water added to the polymer solution was varied between 9 vol % 
and 41 vol % (Figure 3.5).  At low percentages of water LCPs were primarily obtained.  At 
intermediate ranges of water simple polymersomes were obtained, but further increasing the 
amount of water resulted in both polymersomes and lamellar structures.  It was concluded that 23 
vol % water was ideal for the formation of uniform polymersomes.  The rate of water addition 
was also investigated with a rate of 0.25 mL/min resulting in the most uniform polymersomes 
while faster rates led to the formation of polymersomes with greater dispersity (Figure 3.6).  The  
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Figure 3.4.   TEM micrographs of PS-b-PEO polymersome samples formed from dioxane with 
varied PEO percentages: (a) 13 mol %, (b) 16 mol %, (c) 21 mol %, (d) 23 mol % and (e) 28 
mol %. 
 
 
 
Figure 3.5   TEM micrographs of PEO44-b-PS145 polymersome samples formed with varying 
amounts of water (a) 9 vol %, (b) 16 vol %, (c) 23 vol %, (d) 29 vol %, (e) 33 vol %, and (f) 41 
vol %. 
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incubation of the polymersome solution overnight before transfer to dialysis tubing was also 
found to contribute to the preparation of more uniform polymersomes.  The optimized 
polymersomes can be seen in Figure 3.7.  These procedures are summarized in Figure 3.8 and 
were found to be generalizable for different polymers molecular weights and block ratios.   
 
 
Figure 3.6   TEM micrographs of PEO44-b-PS145 polymersome samples formed with varying 
rates of water addition (a) 0.25 mL/min, (b) 0.5 mL/min, and (c) 1 mL/min. 
 
 
Figure 3.7   TEM micrographs of PEO-b-PS polymersome samples formed with the optimized 
procedures (a) PEO44-b-PS145 and (b) PEO44-b-PS145-(CHO)2. 
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Figure 3.8 Schematic representation of the formation of PEO-b-PS diblock copolymer 
aggregates in solution. 
 
3.4 Influence of additives on poly(styrene-b-ethylene oxide) diblock copolymer aggregates 
Due to the challenges faced with the PS-b-PAA system, the impact of the presence of 
amines and end groups on the morphology of the polymersomes was investigated immediately 
after polymersomes were successfully prepared.  Un-, mono- and di-functionalized polymers  
were formed into polymersomes in the presence of aniline, ρ-phenylenediamine and tris(2-
aminoethyl)amine at 1.5 equiv of amine relative to aldehyde.  By visual inspection, little 
difference was seen in the sizes of the polymersomes between samples characterized by TEM 
(Figure 3.9).  Analysis was performed on the images and the diameter of the polymersomes was 
plotted against the thickness of the membranes.  An example of this plot is provided in Figure 
10a.  To simplify the data the average of all the thicknesses and diameters was taken and plotted 
with error bars (Figure 10b).  It was observed in the plot that differences existed in the diameters 
of the samples, even though the thickness of the membranes remained constant.  The presence of 
functionality was also shown to result in a decrease in the diameter of the aggregates.  
Additionally, the presence of amines also led to a decrease in the diameter of the aggregates, 
likely due to a solvent effect.
17
  Overall, the differences in the sizes of these samples were 
minimal  and the system was determined to be acceptable for use in further studies. 
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Figure 3.9  TEM micrographs of PEO44-b-PS145 polymersome samples formed in the presence 
of 1.5 equiv of various amines: (a) PEO-b-PS, (b) PEO-b-PS-CHO, and (c) PEO-b-PS-
(CHO)2. Scale bar = 300 nm. 
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Figure 3.10   (a)  Distribution of aggregate diameters ad a function of membrane thickness for 
PEO-b-PS with no amine present, (b) plot of average membrane thickness as a function of 
membrane diameter for PEO-b-PS polymers in the presence of 1.5 equiv of various amines, (c) 
plot of average membrane thickness as a function of membrane diameter for PEO-b-PS-(CHO)2 
polymers in the presence of 1.5 equiv of various amines. 
 
3.5 Encapsulation of dye within poly(styrene-b-ethylene oxide) polymersomes 
One of the important factors to consider when designing an encapsulating material is the 
permeability of the capsule shell, or in the case of polymersomes the membrane bilayer.  To 
investigate this permeability, a Rhodamine B solution was substituted for the water used to form 
polymersomes.  The incorporation of the dye did not lead to alterations in the morphologies of 
the polymersomes (Figure 3.11c-d).  Fluorescence spectroscopy was used to determine the 
amount of dye that was released over time by initially loading the dye into the polymersomes 
then dialyzing the polymersome against water for a prolonged period of time.  The 
polymersomes encapsulated approximately 1% of the dye from the initial solution, as determine 
by comparison to a calibration curve.  While the amount of dye encapsulated was low, the 
polymersomes retained the encapsulated dye well over a period of ten days (Figure 3.11a-b). 
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Figure 3.11  Removal of Rhodamine B dye with an initial concentration of 3.2x10
-1
 mg/mL 
from polymersome solutions (PEO44-b-PS145) over time by dialysis, (a) emission spectra (λex= 
553 nm), (b) intensity at 576 nm spectra (λex= 553 nm) and TEM micrographs of polymersomes 
(c) with 3.2x10
-1
 mg/mL dye and (d) without dye. 
 
3.6 Connection of terminally aldehyde-functionalized polymers via imine bonds in 
polymersome membranes 
The ability to connect polymer chains within polymersome membranes was 
characterized.  Initial work was performed by attempting to destabilize polymersomes through 
the addition of organic solvents and the monitoring of the solutions through dynamic light 
scattering (DLS), but the data produced were inconclusive.  Other attempts were made to use 
fluorescence and Raman spectroscopy, but they were similarly unsuccessful.  Ultimately, a 
method of freeze drying the polymersome samples, then resuspending them in THF and 
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characterizing the polymers with GPC was developed.  This method allowed for the 
characterization of bond formation within polymersomes and was used to screen a variety of 
bond forming conditions. 
 Preliminary work indicated that the incorporation of tris(2-aminoethyl)amine in 
functionalized polymersome solutions resulted in the formation of bonds between polymers 
within the membrane.  To further investigate these results, polymersomes were prepared from 
PEO44-b-PS201 and the concentration of tris(2-aminoethyl)amine was varied between 0 equiv 
and 25 equiv of amine.  At 0 equiv and 0.4 equiv of amine, no connection between the polymers  
 
 
Figure 3.12  Normalized GPC traces of freeze-dried and resuspended polymersomes formed 
from PEO44-b-PS201.  Blue traces indicate PEO-b-PS polymer and red traces indicate PEO-b-
PS-(CHO)2.  Equivalents refer to equivalents of tris(2-animoethyl)amine amine functonal 
groups to aldehyde functional groups. 
 
was observed for either the unfunctionalized or the difunctionalized polymers (Figure 3.12a-b).   
Beginning with 1.5 equiv of amine, a connection was seen between the difunctionalized 
polymers, with the degree of reaching a maximum at 3.7 equiv.  Higher equivalents of amine had 
no observable positive or negative impact on the degree of connected polymers (Figure 3.12c-f).  
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The presence of the remaining unconnected polymers was likely due to the fact that the polymers 
were not fully functionalized, leading to polymer chains which could not be connected.  It was 
expected that at higher concentrations of amines there would be a decrease in the percentage of 
polymer chains that could be connected as the ratio of amine to polymer favored an amine for 
each individual chain.  This decrease was not observed, possibly due to the effective 
concentration of amines in the polymersome membrane being lower than the concentration 
added to the solution due to limited solubility in PS.  No connection was observed between the 
unfunctionalized polymers for any equivalents of amine.  It was also observed that for the 
difunctionalized polymersomes that higher concentrations of amines lead to morphology changes 
in the polymers, with more LCPs present (Figure 3.13).  These changes were likely due to the 
connected polymer chains being longer and having less mobility when self-assembling in 
solution.  Minor changes to morphology were observed for the unfunctionalized polymer with 
higher amine concentration, though these changes were due to a solvent effect, rather than the 
connection of polymer chains.   
 
 
Figure 3.13  TEM micrographs of freeze-dried and resuspended polymersomes formed in the 
presence of tris(2-animoethyl)amine, (a) PEO44-b-PS201 and (b) PEO44-b-PS201-(CHO)2.  The 
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values along the top of the image indicate the equivalents of amine added.  Scale bars are 300 
nm. 
The incubation time between water addition to the polymersome solutions and dialysis 
was also investigated.  It was found that for the standard incubation time of 15 h that the 
predominate polymer species for the difunctionalized polymers was that in which two polymer 
chains were connected to each other (Figure 4.14b).  When the incubation time was removed no 
connection of polymer chains was observed (Figure 4.14a), while when the incubation time was 
increased there was a shift back to favor the unconnected polymer chains (Figure 4.14c).  These 
results indicated that the imine bond formation took place during the incubation period between 
water addition and dialysis.  However the bonds were not permanently formed, but rather the  
 
 
Figure 3.14  Normalized GPC traces of freeze-dried and resuspended polymersomes from 
PEO44-b-PS201 prepared with 3.7 equiv of tris(2-aminoethyl)amine and post-incubated for 
different times.  Incubation times were (a) 0 h, (b) 15 h and (c) 3 d. 
 
degree of bond formation could change during this incubation period possibly due to the loss or 
gain of small molecule amines within the membrane of the polymersomes as a result of 
membrane permeability with dioxane present. 
Pre-incubation of the polymer solution in the presence of amines prior to polymersome 
formation was also investigated.  It was found that incubation of the difunctionalized polymer 
solution for either 2 h or 2 d led to an increase in bond formation compared to just the addition of 
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amine in water, with the 2 d incubation resulting in a decrease in the number of bonds formed 
compared to 2 h (Figure 4.15).  This study was also performed with the addition of 0.1 M acetic 
acid to the polymer solutions, pre-incubation with amines led to a larger degree of connectioned 
polymers than adding the amine in water but it was less effective than in the absence of acid 
(Figure 4.15).  In all, it was demonstrated that terminally aldehyde-functionalized diblock 
copolymers could be connected within polymersome membranes.  The connection of more than 
two polymer chains was not achieved, potentially owing to the steric hindrance of the terminal 
chain preventing more than two chains from connecting.  Alternatively, the correct ratios to 
optimize polymer connection were not achieved.  To obtain full crosslinking of the polymer 
chains more bond formation parameters will need to be explored.  Additionally, it may be 
necessary to change the way the aldehydes are bound to the polymers, either introducing more 
separation between the aldehydes in the terminal, difunctional groups or by using a higher degree 
of functionality and locating the aldehydes throughout the polymer chains as a random 
copolymer on the hydrophobic block. 
 
 
Figure 3.15  Normalized GPC traces of freeze-dried and resusupended polymersomes (PEO44-b-
PS145-(CHO)2) prepared with 1.5 eq. of  tris(2-aminoethyl)amine and introduced into solution for 
pre-incubation.   (a) Amine introduced in dioxane, (b) amine and 0.1 M acetic acid introduced in 
dioxane and (c) amine introduced in water. 
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3.7 Reversal of imine bond formation in polymersome membranes 
Previous studies indicated that acid was a good candidate to trigger the reversal of imine 
bond formation.  The addition of acid after the formation of polymersomes was investigated to 
determine the impact on the connection of the polymers.  Already formed polymersomes were 
diluted with either water or dioxane solutions containing acetic acid such that a final 
concentration of 0.1 M acetic acid was achieved.  No change was observed in the GPC traces for 
samples without acid, indicating that there had been no appreciable change in the number of 
connected polymer chains (Figure 4.16).  In the presence of acid, the GPC traces showed an 
increase in the amount of single polymer chains, demonstrating the disconnection of linked 
chains through hydrolysis of the imine bonds.  For the polymersome solutions in the presence of 
dioxane, a greater amount of bonds broken was seen than for the samples containing only water 
and acid, as dioxane caused the polymersome membranes to swell allowing for greater mobility 
of the small molecule amines and the polymer chains.  No changes were observed to the 
unfunctionalized samples.  These results served as a proof of concept for the acid-triggered 
reversal of imine bond formation within interconnected polymersomes. 
Additionally, it is possible that the introduction of a monoamine could displace the 
triamine leading to the disconnection of polymer chains.  When low concentrations of aniline (0 
– 10 %) were added in addition to tris(2-aminoethyl)amine no changes were seen in the GPC 
traces of the samples.  However, the addition of a large excess of aniline (>80%) caused a shift 
back towards favoring unconnected polymer chains (Figure 4.17).  This decrease in connectivity 
was due to the formation of aniline-polymer imine which prevented the polymers from 
connecting to each other.  While this study was not an explicit demonstration of reversibility, it 
90 
 
nevertheless demonstrated the feasibility of using a small molecule as a competitive trigger to 
break imine bonds involved in the polymer-polymer connection. 
 
Figure 3.16  Normalized GPC traces of freeze-dried and resusupended diluted polymersome 
samples (PEO44-b-PS201, 3.7 equiv tris(2-aminoethyl)amine) with dioxane to 23 vol % water, or 
added equivalent volume of water in the presence or absence of 0.1 M acetic acid.  Samples were 
stirred for 6 d.  Nonfunctionalized polymersomes (a) prior to dilution and incubation, (b) diluted 
with water, and (c) diluted with dioxane; difunctionalized polymersomes (d) prior to dilution and 
incubation, (e) diluted with water, and (f) diluted with dioxane. 
 
 
Figure 3.17  Normalized GPC traces of freeze-dried and resusupended diluted polymersome 
samples (PEO44-b-PS201), 3.7 equiv tris(2-aminoethyl)amine) was introduced in addition to 
aniline during polymersome formation, (a) unfunctionalized polymersomes and (b) 
difunctionalized polymersomes. 
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3.8 Conclusions 
PEO-b-PS diblock copolymers were synthesized through ATRP and functionalized with 
aldehyde groups using Cu-catalyzed azide-alkyne cycloaddition chemistry.  The polymers were 
then aggregated into polymersomes that were shown to be able to encapsulate a fluorescent dye.  
It was demonstrated that polymers could be linked within polymersome membranes through 
imine chemistry, but a maximum of two polymer chains could be connected together.  Full 
crosslinking of the polymersome membrane was not achieved, though a variety of conditions 
were screened.  It was also demonstrated that the imine bonds were acid-reversible.  These 
studies indicated that reversible imine-based chemistry has the potential to be used to trigger the 
release of cargo from polymersomes. 
 
3.9 Experimental details 
3.9.1 Materials and methods 
All commercially available reagents were used as received without further purification, 
unless otherwise specified.  Prior to use styrene was run through basic alumina to remove 
inhibitors and then sparged with nitrogen.  Cyclohexanol used for polymerization was also 
sparged with nitrogen prior to use.  Unless otherwise noted, all reactions were carried out under 
argon atmosphere using standard Schlenk techniques in a chemical fume hood.  All glassware 
was oven-dried prior to use. 
All 
1
H and 
13
C NMR spectra were recorded using a Varian 400 or 500 MHz 
spectrometer.  All chemical shifts are reported relative to the deuterated solvent [
1
H (CDCl3) δ = 
7.26 ppm or 
1
H (CD2Cl2) δ = 5.32 ppm].  Analytical gel permeation chromatograph (GPC) 
analyses were performed with a Waters (1515) Isocratic HPLC pump, a Waters (2998) 
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Photodiode Array Detector, a Waters (2414) Refractive Index Detector, a Waters (2707) 96-well 
autosampler, and a series of 4 Waters HR Styragel columns (7.8 x 300mm, HR1, HR3, HR4, and 
HR5) in THF at 30 °C. The GPC was calibrated using monodisperse polystyrene standards. UV-
Vis spectra were recorded using a Shimadzu UV-2401PC.  Standard quartz cells with a path 
length of 1 cm were purchased from Starna Cells.  Transition electron microscopy was 
performed on a Philips CM200 operating at 120 kV using holey carbon coated 200 mesh Cu 
grids (#3620C-MB from SPI Supplies). 
 
3.9.2 Synthesis of di-functional endcap 
Dimethyl 5-bromoisophthalate (3)
11
 
 
5-Bromoisophthalic acid (2.763 g, 11 mmol) was dissolved in 33 mL of anhydrous methanol.  
Concentrated sulfuric acid (1.23 mL, 22 mmol) was added to the flask in a dropwise manner and 
the solution was refluxed overnight.  The reaction solution was cooled to room temperature and 
the solvent was removed via rotary evaporation.  The resulting solids were re-dissolved in ethyl 
acetate, then washed with 10 % sodium bicarbonate solution and saturated bicarbonate solution.  
The organic layer was dried with magnesium sulfate and the solvent was removed by rotary 
evaporation.  Dimethyl 5-bromoisophthalate was produced as a white solid (2.575 g, 84 % yield).  
1
H NMR (400 MHz, CDCl3) δ 8.60 (t, 1H), 8.35 (d, 2H), 3.96 (s, 6H). 
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Dimethyl 5-((trimethylsilyl)ethynyl)isophthalate (4)
12
 
 
In a round bottom flask, dimethyl 5-bromoisophthalate (4.539 g, 16.6 mmol), 
trimethylsilylacetylene (4.1 mL, 42 mmol), triphenylphosphine (28.4 mg, 108 μmol), copper (I) 
iodide (21.0 mg, 110 μmol), bis(triphenylphosphine)palladium(II)dichloride (29.4 mg, 42 μmol) 
and triethylamine (200 mL) were combined and refluxed for 24 h.  The resulting mixture was 
filtered and the solvent was removed by rotary evaporation.  After silica-gel column 
chromatography (1:10 ethyl acetate:hexanes) dimethyl 5-((trimethylsilyl)ethynyl)isophthalate 
was yielded as a white solid (2.563 g, 53 %).  
1H NMR (400 MHz, THF) δ 8.60 (t, 1H), 8.29 (d, 
2H), 3.95 (d, 6H). 0.26 (s, 9H). 
 
(5-((Trimethylsilyl)ethynyl)-1,3-phenylene)dimethanol (5)
13
 
 
Dimethyl 5-((trimethylsilyl)ethynyl)isophthalate (1.313 g, 4.5 mmol) was dissolved in 5.2 mL of 
dry THF in a 10 mL pear-shaped flask.  In a 100 mL round bottom flask, LAH (0.33 g, 8.6 
mmol) was stirred with 17.5 mL of dry THF.  In a dropwise manner, the ester solution was 
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warmed to rt then added to the LAH solution before refluxing for 3 h.  The reaction mixture was 
cooled in an ice bath and 10 % sulfuric acid in water (7 mL) and the solvent was then removed 
by vacuum distillation.  Ethyl acetate was added to the mixture and stirred for 30 min.  The 
mixture was then extracted with ethyl acetate (x 5) and the organic layers were combined and 
dried over magnesium sulfate.  The solvent was removed via vacuum filtration, (5-
((Trimethylsilyl)ethynyl)-1,3-phenylene)dimethanol as a white solid (0.9129 g, 87 % yield).  
1
H 
NMR (400 MHz, Acetone) δ 7.38 (s, 2H), 7.32 (s, 1H), 4.66 (s, 4H), 0.23 (s, 9H). 
 
5-((Trimethylsilyl)ethynyl)isophthalaldehyde (6)
12
 
 
A solution of (5-((trimethylsilyl)ethynyl)-1,3-phenylene)dimethanol (0.913 g, 3.9 mmol) in 120 
mL dichloromethane was added dropwise to mixture of pyridinium dichromate (PDC) (12.888g, 
3.4 mmol) in 120 mL dichloromethane at 0°C.  The mixture was stirred at rt for 48 h.  The 
mixture was filtered and concentrated prior to purification by silica-gel chromatograph (1:4 ethyl 
acetate:hexanes).  The product, (5-((trimethylsilyl)ethynyl)-1,3-phenylene)dimethanol, was 
afforded as a white solid (0.642 g, 72 %).  
1
H NMR (400 MHz, CDCl3) δ 10.07 (s, 2H), 8.30 (t, 
1H), 8.20 (d, 2H), 0.28 (s, 9H). 
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5-Ethynylisophthalaldehyde (7)
14
 
 
In a vial, 5-((Trimethylsilyl)ethynyl)isophthalaldehyde (0.642 g , 2.8 mmol), K2CO3 (42.1 mg, 
3.0 μmol), and methanol (10.5 mL) were combined.  The reaction was stirred for 6 h at room 
temperature.  Water (70 mL) was added to the reaction and it was extracted with 
dichloromethane three times.  The combined organic layers were then washed with saturated 
ammonium chloride three times.  The organic layer was dried over magnesium sulfate, filtered 
and the solvent was removed by rotary evaporation to yield 5-ethynylisophthalaldehyde as a 
peach solid (0.41.4 g, 94 %).  
1
H NMR (400 MHz, CDCl3) δ 10.09 (s, 2H), 8.35 (t, 1H), 8.23 (d, 
2H), 3.27 (s, 1H). 
 
3.9.3 Synthesis and characterization of poly(styrene-b-ethylene oxide) diblock copolymers 
General procedure for the synthesis of poly(ethylene oxide) ATRP macroinitiator (PEO-Br) 
8
 
In a round bottom flask, 4-dimethylaminopyridine (DMAP) (367 mg, 3 mmol) was dissolved in 
4 mL of dichloromethane.  Triethylamine (TEA) (275 μl, 2 mmol) was added and the solution 
was cooled to 0°C.  A solution of α-Bromoisobutyryl bromide (618 ul, 5 mmol) in 4 mL 
dichloromethane was added to the flask.  In a separate flask, poly(ethylene oxide) (2 kDa, 4.0g, 
2.0 mmol) was dissolved in 16 mL dichloromethane.  The polymer solution was then added 
dropwise to the DMAP solution.  The solution was allowed to warm to room temperature and stir  
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overnight.  The solution was filtered then concentrated using rotary evaporation.  The polymer 
was precipitated twice into cold diethylether and collected via vacuum filtration.  The resulting 
solids were then recrystallized from dry ethanol before being freeze dried.  
1
H NMR (400 MHz, 
CDCl3) δ 3.61 (br s, -O-CH2-CH2-O-), 3.34 (s, -O-CH3), 1.90 (s, -C(CH3)2-). 
 
 
 
 
Figure 3.18 
1
H NMR of PEO-Br ATRP macroinitiators in deuterated dichloromethane 
 
General procedure for the synthesis of poly(styrene-b-ethylene oxide) diblock copolymers (PEO-
b-PS-Br)
8,16
 
In a Schlenck flask, PEO-Br (0.865 g, 2 kDa, 0.43 mmol) was combined with cyclohexanone 
(15.1 mL) then styrene was added and the solution was stirred until dissolved.  Three cycles of 
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freeze-pump-thaw were performed to degas the solution and the flask was backfilled with 
nitrogen.  N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) (45.4 μL, 0.22 mmol) was 
then added to the flask, followed by CuBr (31.1 mg, 0.22 mmol).  Three additional cycles of 
freeze-pump-thaw were performed and the flask was backfilled with nitrogen.  The flask was 
then place in an oil bath at 100 °C for the desired amount of time (ca. 0.5 to 2 h).  The flask was 
then cooled in rt water and dichloromethane was added to the flask to quench the reaction.  The 
solution was filtered to silica to remove the CuBr.  The solution was concentrated, precipitated 
twice into petroleum ether and dried under high vacuum to yield a white solid.   
1
H NMR (400 
MHz, CDCl3) δ 7.35-6.30 (br, -CH2(C6H5)-CH3-), 3.60 (br s, -O-CH2-CH2-O-), 2.34-1.15 (br, -
CH2(C6H5)-CH3-). 
 
 
Figure 3.19 
1
H NMR of PEO-b-PS in deuterated dichloromethane. 
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3.9.4 Functionalization and characterization of poly(styrene-b-ethylene oxide) diblock 
copolymers 
General procedure for the synthesis of azide functionalized poly(styrene-b-ethylene oxide) 
diblock copolymers (PEO-b-PS-N3) 
15,16
 
PEO-b-PS-Br (1.0g, 12.4 kDa, 0.08 mmol) was combined with sodium azide (10.5 mg, 0.16 
mmol) and dimethylformamide (10 mL) in a round bottom flask.  The solution was stirred at 
50°C for 24 h.  The solution was cooled to rt and precipitated into cold methanol.  The white 
solids were filtered and then freeze dried.  
1
H NMR (400 MHz, CDCl3) δ 7.35-6.30 (br, -CH2(C-
6H5)-CH3-), 3.60 (br s, -O-CH2-CH2-O-), 2.34-1.15 (br, -CH2(C6H5)-CH3-). 
 
 
Figure 3.20 
1
H NMR of (a) PS and (b) PS-N3 in deuterated dichloromethane.  There is a 
noticeable shift in the peaks corresponding to the protons adjacent the bromide and azide 
functional groups. 
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General procedure for the synthesis of di-aldehyde functionalized poly(styrene-b-ethylene oxide) 
diblock copolymers (PEO-b-PS-(CHO)2)
 15,16
 
In a Schlenck flask, PEO-b-PS-N3 (0.458 g, 12.4 kDa, 0.037 mmol), 5-
ethynylisophthalaldehyde(17.5 mg, 0.11mmol), PMDETA (7.7 μL, 0.037 mmol) and 5 mL 
dimethylformamide were combined.  Three cycles of freeze-pump-thaw were performed to degas 
the solution and the flask was backfilled with nitrogen.  CuBr (5.3 mg, 0.036 mmol) was then 
added to the flask, three additional cycles of freeze-pump-thaw were performed and the flask 
was backfilled with nitrogen.  The flask was heated to 80 °C for 6 h.  The flask was then cooled 
in rt water and the solution was filtered to silica to remove the CuBr.  The solution was 
concentrated, precipitated twice into cold diethylether to remove residual 5-
Ethynylisophthalaldehyde and then twice into cold methanol.  The yellow solid was then freeze 
dried.  
1
H NMR (400 MHz, CDCl3) δ 10.05-9.95 (br, -(CHO)2), 7.35-6.30 (br, -CH2(C6H5)-CH3-
), 3.60 (br s, -O-CH2-CH2-O-), 2.34-1.15 (br, -CH2(C6H5)-CH3-). 
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Figure 3.21 
1
H NMR of PEO-b-PS-CHO in deuterated dichloromethane. 
 
Figure 3.22 
1
H NMR of PEO-b-PS-(CHO)2 in deuterated dichloromethane. 
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Figure 3.23 
1
H NMR of (a) mono-aldehyde functionalize PEO-b-PS and (b)di-aldehyde 
functionalized PEO-b-PS. 
 
 
Figure 3.24 Infrared spectra of  (a) PEO-b-PS-Br, (b) PEO-b-PS-N3, and (c) PEO-b-PS-
(CHO)2. 
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Figure 3.25 Gel permeation chromatography of PEO-b-PS-Br,  PEO-b-PS-N3, and PEO-b-PS-
(CHO)2. 
 
3.9.5 Preparation of poly(styrene-b-ethylene oxide) diblock copolymer aggregates 
General procedures for the formation of PS-b-PAA diblock copolymer aggregates 
In a 7 mL vial, PS-b-PEO (15.6 mg, 1 wt %) was dissolved in dioxane (1.5 mL) by stirring 
overnight.  The solution was filtered through a 0.45 μm syringe filter into a fresh 7 mL vial.  Of 
the resulting solution, 1 mL was transferred to a 7 mL vial.  A syringe pump was used to add DI 
water, or the desired additive solution, (0.3 mL, 23 vol %) at a rate 0.25 mL/min to the 
vigorously stirred polymer solution, as more water was added the solutions became increasingly 
turbid.  The solution was stirred overnight.  The resulting solution was then dialyzed against DI 
water (Spectra/Por 2 dialysis tubing, 12-14K MWCO from Spectrum Labs) for 3 days, changing 
the dialysis water every 12 h, to remove the organic solvent.  Diblock copolymer aggregates 
were characterized using TEM and DLS. 
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Image J Processing of TEM images 
Image J software was used to measure the diameters and membrane thicknesses of diblock 
copolymer aggregates.  Micelles were considered to have a membrane thickness of zero.  For 
each sample 50 measurements of each kind were taken from multiple TEM images. 
 
3.9.6 Encapsulation of dye and dye leakage 
Followed the above procedures for aggregate formation substituting a solution of 3 μg/mL 
Rhodamine B for the water.  The resulting polymersome solution was bright pink and the 
fluorescence intensity was monitored.  The solution was then subjected to dialysis against DI 
water (Spectra/Por 2 dialysis tubing, 12-14K MWCO from Spectrum Labs), while the decrease 
in the fluorescence intensity of the solution was periodically monitored. 
 
3.9.7 Demonstration of cleavage of imine bonds in polymersomes 
In a vial, 200 uL of polymersome solution was combined with either 667 uL of water or dioxane 
and 5.2 uL of acetic acid.  The solution was sealed and stirred for 6 days. 
 
3.9.8 Characterization of imine bond formation and breakage using GPC 
The polymersome solution was frozen in liquid nitrogen and freeze dried for 24 h.  The result 
was a white fluffy solid that was subsequently dissolved in THF and characterized by GPC. 
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Chapter 4:  Base-triggered Degradation of Poly(vinyl ester sulfone)s 
with Tunable Sensitivity
*
 
 
4.1 Introduction 
The development of rapidly degradable polymers is critical to the fields of encapsulation, 
drug delivery, sensors, and transient electronics.
1-5
  Polymers for encapsulation must be able to 
effectively sequester an active species having stability in the storage environment, with little to 
no permeability across the barrier, while possessing robust mechanical properties.  Deficiencies 
in any of those qualities have the potential to cause premature release.  Additionally, it is key to 
be able to trigger the release of the sequestered species with a specific profile, such as a rapid 
burst release or a prolonged release over a period of time.  A wide variety of stimuli have been 
employed to trigger the degradation of polymers including pH, photochemical, thermal, redox, 
and fluoride.
6-11
 Base degradation, while known, is underdeveloped when compared to acid 
degradation, primarily due to the focus on acid degradable polymers for biological applications.
6
   
Poly(olefin sulfone)s (POS)s are copolymers formed from the free-radical 
copolymerization of sulfur dioxide and an olefin monomer.
12
  These polymers are known to 
depolymerize when exposed to heat, ionizing radiation and base.
13-18
  These characteristics have 
been targeted in the development of photoresists and other degradable materials.
19-30
  Base 
depolymerization traditionally proceeds through a mechanism involving the deprotonation of the 
polymer backbone, chain unzipping, and ultimately the regeneration of the monomer units.
13
  
This mechanism of degradation has been exploited in the development of a number of base 
                                                          
*
 Portions of this Chapter are adapted from: Possanza Casey, C. M. and Moore, J. S. Base-
triggered degradation of poly(vinyl ester sulfone)s with tunable sensitivity. In press. 
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depolymerizable polymer systems.  Sasaki and coworkers have demonstrated the 
depolymerization of photobase generator-doped POS films and adhesives upon exposure to 
ultraviolet radiation and heat.
20,21
  This concept has also been applied to POSs with a photobase 
generator directly incorporated into the polymer via side chains.
22-24
  Base switchable 
elastomeric composites of POSs and silicones have also been reported.
28
  In these examples, high 
temperatures or prolonged reaction times are typically needed for degradation of poly(olefin 
sulfone)s formed from aliphatic monomers. 
To increase the scope of base degradation of POSs, an alternate pathway was targeted for 
degradation aiming to achieve rapid degradation at room temperature.   Our group recently 
reported on the thermal degradation of poly(vinyl tert-butyl carbonate sulfone) and proposed that 
the mechanism for this degradation proceeds through carbonate elimination generating a hydroxy 
intermediate followed by subsequent polymer chain degradation.
29
  This intermediate could be 
used to potentially develop a variety of POSs with tunable sensitivities to different stimuli by 
varying the pendent group of the polymer.   For the work presented herein, the polymer system 
was designed by drawing from established protecting group chemistry and targeting esters as 
base sensitive pendent groups.
31
  These materials were then characterized to determine their base 
sensitivity, stability, and permeability for use in polymer microcapsules.  This research aimed to 
offer a unique approach to triggered release profiles (sustained and staged) through the 
development of a series of polymers that had tunable rates of degradation to the same stimuli, 
namely exposure to base. 
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4.2 Synthesis of poly(vinyl ester sulfone)s 
A series of poly(vinyl ester sulfone) (PVES) polymers was synthesized through the free 
radical polymerization of sulfur dioxide and vinyl ester monomers (Scheme 4.1).   Poly(vinyl 
acetate sulfone) (P1) has been reported previously but has not been investigated for base 
sensitivity.
19,32,33
  The synthetic procedures of Jiang and Fréchet for P1
19
 were modified based on 
the recent report by Lee et al.
29
 and found to be appropriate for the synthesis of P1 – P4.   With 
excess sulfur dioxide 
 
Scheme 4.1 Synthesis and structure of poly(vinyl ester sulfone)s 
 
 
serving as both solvent and comonomer, the polymerization with vinyl ester monomers was 
initiated by the addition of tBuOOH at -78 °C.   Polymerizations were run for 3 h.   In all 
instances the polymerization solution solidified within 20 min.   The polymers were purified by 
multiple precipitations of acetone solutions into methanol.   All four polymers were found to be 
soluble in acetone, THF, DMF and DMSO, but were insoluble in chlorinated solvents such as 
dichloromethane and chloroform.   The polymers were purified by multiple precipitations of 
acetone solutions into methanol.   All four polymers were found to be soluble in acetone, THF, 
DMF and DMSO, but were insoluble in chlorinated solvents such as dichloromethane and 
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chloroform.   The polymers were characterized by gel permeation chromatography (GPC) with 
THF as the eluent (Table 4.1).   Molecular weights for the series were found to range between 12 
and 179 kDa with dispersities of 2.89 to 4.46.   The synthesis of one more PVES, poly(vinyl 
trifluoroacetate sulfone), was attempted but was unsuccessful under the conditions tried.   An 
additional polymer, (poly(1-hexene sulfone) (P5), was also prepared to serve as a control 
aliphatic poly(olefin sulfone). 
 
Table 4.1   Molecular weights and thermal properties of poly(vinyl ester sulfone)s 
 Mn (kDa) Mw (kDa) PDI Tdecomp (°C) Tg (°C) 
P1
a
 68 198 2.89 155
d
 125
e
 
P2
b
 12 33 2.67 212 88 
P3
c
 179 554 3.26 188 139 
P4
c
 72 321 4.46 181 124 
a
Polymerized with 1 mol % tBuOOH.   
b
Polymerized with 2 mol % tBuOOH.   
c
Polymerized 
with 5 mol % tBuOOH.   
d
Literature: 140 – 160 °C19 eLiterature: 70 °C19 
 
4.3 Thermal characterization of poly(vinyl ester sulfone)s 
The thermal stability of the PVES series of polymers was characterized using thermal 
gravimetric analysis (TGA) (Figure 4.1).   All four polymers thermally degraded in one step and 
had onsets of thermal degradation above 150 °C (Table 1).   Of the polymers prepared, P1 had 
the lowest onset of thermal degradation at 155 °C; however, this onset temperature agreed with 
the previous reported range of 140 – 160 °C.19  This initial degradation step resulted in a 66 wt % 
loss compared to the 40 wt % mass loss reported.
19
  A second mass loss event was not observed 
for P1; instead, the remaining 34 wt % slowly decreased as the temperature ramped with 
significant residue still present after 600 °C was reached.    The identity of this residue could not 
be determined but this trend has previously been reported for poly(vinyl sec-butyl carbonate 
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sulfone).
29
  The polymers were also characterized using differential scanning calorimetry (DSC) 
(Table 1).   Polymer P2 had a significantly lower Tg than the other polymers which all had 
similar values between 124 °C and 139 °C.   Melting points were not observed for any of the 
polymers before the onset of degradation prohibiting the melt processing of these materials. 
 
 
Figure 4.1   Thermogravimetric analysis of P1 – P4, ramped at a rate of 5 °C/ min. 
 
4.4 Base-induced degradation of polymer in solution monitored by NMR 
Solution phase proton NMR was used to determine the relative rates of degradation of the 
series of PVES polymer.   Pyridine was chosen as a base for this experiment as it allowed the 
measurable degradation of all polymers over a 20 h time period.   Degradation was monitored by 
the disappearance of the methylene signals on the backbone of the polymer, which was in good 
agreement with the rate of degradation of the ester group.   This data has been summarized in 
Figure 4.2 and Table 4.2.  Full integration of all peaks and 
1
H NMR spectra are located in 
Appendix A, Figure A1–A10.   No dependence of the degradation rate based on molecular 
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weight of the polymer was observed (Figure 4.3).  Polymers P1 and P2 fully degraded within the 
20 h time period tested, while polymers P3 and P4 did not degrade completely in that time 
period (Table 4.2).   The observed trend had the chloroacetate polymer (P2) being the most 
sensitive to base, followed by the acetate polymer (P1), the benzoate polymer (P3) and, least 
sensitive, the pivalate polymer (P4).   Poly(1-hexene sulfone) (P5) was chosen as an aliphatic 
POS to compare to the PVESs because it is known to go through the mechanism involving 
backbone deprotonation followed by chain unzipping and monomer regeneration.
28
  While all of 
the PVESs exhibited considerable degradation over 20 h when exposed to pyridine, P5 showed 
little degradation with 95.9 ± 1.3 mol % of the polymer remaining based on integration. 
 
 
Figure 4.2   Degradation of 70 mM POSs in deuterated THF when exposed to 5 equiv pyridine 
at rt as monitored by NMR spectroscopy of methylene signals on the backbone of the polymer. 
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Table 4.2  Degradation of POSs in THF when exposed to 5 equiv pyridine at rt for 20 h. 
Polymer Half-life 
(h) 
Polymer remaining after 
20h (mol %) 
P1 3.3 ± 0.1 3.9 ± 0.3 
P2 0.038 ± 0.007 9.2 ± 1.0
a
 
P3 5.3 ± 0.1 19.7 ± 0.9 
P4 15.3 ± 2.2 41.8 ± 3.7 
P5 > 20 95.9 ± 1.3 
a
 Extent of degradation after 2 h 
 
 
Figure 4.3   Degradation of multiple molecular weights of P1 in deuterated THF when exposed 
to 5 equiv pyridine at room temperature as monitored by NMR spectroscopy.    
 
To better understand the mechanism of degradation, the degradation products were 
investigated and characterized.   Two degradation products were observed as a result of exposing 
the PVESs to pyridine: regenerated vinyl ester monomer, the minor product, and pyridinium 
carboxylate, the major product.   The presence of monomer suggested that the polymer is 
proceeding, to an extent, through the base degradation mechanism previously proposed by 
Shinoda et al. (Mechanism 1 in Scheme 4.2).
13
  However, during the course of the degradation, 
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the amount of monomer present accounted for less than 10 mol % of the mass balance in all 
cases (Figure 4.4a, A.1-A.10).   The vinyl ester monomers were found to be stable in the 
presence of pyridine over a 20 h period, indicating that the monomer was not regenerated then 
subsequently consumed and further degraded (Figure 4.5).   In addition, the slow regeneration of 
a similar amount of vinyl ester monomer was also observed when the polymers were in solution 
in the absence of base (Figure 4.6).   The small but measurable increase in the amount of 
monomer present over time indicated that unreacted monomer was not simply remaining after 
purification of the polymers.  Therefore, it was concluded that the generation of monomer was 
independent of the main base degradation mechanism for the PVES polymers.   As a result, the 
regeneration of monomer could not be conclusively said to occur through a base degradation 
mechanism, as the same degradation products were generated in the absence of base. 
 
 
Figure 4.4   Degradation of 70 mM POSs in deuterated THF when exposed to 5 equiv pyridine 
at rt as monitored by NMR spectroscopy; (a) generation of monomer and (b) generation of 
pyridinium carboxylate. 
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Scheme 4.2  Proposed mechanisms for the base degradation of poly(vinyl ester sulfone)s 
 
 
 Pyridinium carboxylate was the major product formed in the base degradation of P1 – 
P4, and it was observed that variations in the chemical shift occurred when different bases were 
used to trigger degradation (Figure 4.4b, Table 4.3).   Polymer P5 showed no indication of any 
degradation products other than 1-hexene monomer, as expected given its aliphatic structure 
(Figure A.10).   The pyridinium benzoate generated in the degradation of P3 could  
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Figure 4.5   
1
H NMR spectrum of the degradation of vinyl esters in deuterated THF when 
exposed to 5 equiv pyridine at room temperature for 24 h.    
 
 
Figure 4.6   Degradation of poly(olefin sulfone)s in deuterated THF in the absence of base at 
room temperature as monitored by NMR spectroscopy, (a) Generation of monomer and (b) 
degradation of the polymer backbone. 
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not be accurately integrated due to peak overlap and is not shown in Figure 4b (
1
H NMR 
spectrum of this degradation is included in Appendix A, Figure A5).   The vastly different rates 
between the PVESs and P5, together with the presence of the pyridinium carboxylate, suggested 
that the degradation mechanism for PVESs proceeded through an alternate pathway than the 
known backbone deprotonation and monomer regeneration pathway.   It is this pathway that 
allowed for the rapid degradation of the PVES series of polymer when exposed to even mild 
basic conditions.   
 
Table 4.3   
1
H NMR characterization of  PVES degradation products when exposed to different 
bases 
 
1
H NMR Shift of Ammonium Carboxylate Degradation Products in THF (ppm) 
Polymer/Base Pyridine 4-
Dimethylaminopyridine 
N,N-
Diisopropylethylamine 
2,6 -Lutidine 
PVAS 1.916 (s) 1.904 (s) 1.895 (s) 1.916 (s) 
PVCAS 4.101 (s) 3.948 (s) 3.795 (s) 4.088 (s) 
PVBS 8.031 (dd) 
7.523 (t) 
7.418 (t) 
8.058 (dd) 
7.458 (t) 
7.376 (t) 
8.005 (dd) 
7.440 (t) 
7.351 (t) 
8.021 (dd) 
7.520 (t) 
--* 
PVPS 1.164 (s) 1.151 (s) 1.147 (s) 1.161 (s) 
* Peak could not be accurately integrated due to overlap with 2,6-lutidine peak. 
 
In the original design of the PVES series of polymers, Mechanism 2 (Scheme 4.3) was 
proposed as the likely mechanism.   This mechanism involves nucleophilic attack on the pendent 
group, resulting in the generation of the unstable hydroxy backbone intermediate.   The unstable 
backbone cleaves to form aldehyde and sulfinic acid endgroups, and then continues to unzip with 
degradation products likely being sulfur dioxide, acetaldehyde and potentially monomer if full 
pendent group removal has not occurred prior to unzipping.   Key to this mechanism is the 
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generation of the aldehyde endgroups and acetaldehyde.   In some spectra, a very small peak is 
present in the aldehyde region of the spectrum, which aligns with the expected shift of 
acetaldehyde in THF (assigned from thermal degradation of poly(vinyl tert-butyl acrylate)) 
(Figure 4.7).   However this signal was at the limit of detection.  Additionally, the corresponding 
aldehyde endgroup was not observed spectroscopically.    
 
 
Figure 4.7   
1
H NMR spectrum in deuterated THF of (a) thermally-degraded poly(vinyl tert-
butyl carbonate sulfone showing acetaldehyde and terminal-aldehyde degradation products and 
(b) base-degraded P1 showing the same region of the spectrum. 
 
To further probe this mechanism, P2 was subjected to a series of bases with different 
nucleophilicities and basicites.   If Mechanism 2 is the mechanism, it would be expected that 
non-nucleophilic bases would not degrade the polymers as nucleophilic attack on the carbonyl is 
key to this mechanism.   The bases chosen were pyridine (pKa = 5.2), 2,6-Lutidine (pKa = 6.7), 
4-dimethylaminopyridine (DMAP, pKa = 9.7), 2,6-di-tert-butylpyridine (DtBP, pKa = 3.6), and 
N,N-diisopropylethylamine (DIEA, pKa = 10.1), with DMAP being the most nucleophilic and 
DIEA being the least nucleophilic.   It was found that all bases, with the exception of DtBP 
which had the lowest pKa, degraded P2 (Figure 4.8), caused rapid, near complete degradation 
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within the first hour.   The similarities in the relative rates of degradation of P1 by DIEA and the 
nucleophilic bases of similar pKa indicated that Mechanism 2 involving the nucleophilic attack 
on the pendent ester was unlikely. 
 
 
Figure 4.8   Degradation of poly(olefin sulfone)s in deuterated THF in the presence of different 
bases at room temperature as monitored by NMR spectroscopy, (a) degradation of the polymer 
backbone, (b) generation of the ammonium carboxylate degradation products, and (c) generation 
of monomer. 
 
Mechanistic analysis of this process was complicated by the fact that the mass balance 
was not 100 % by NMR.   The integration of monomer and pyridinium carboxylate did not 
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account for all of the starting ester moieties.   Additionally, no signals which accounted for the 
protons initially located on the backbone of the polymer were observed in the NMR spectra.    
However, in every base degradation NMR experiment performed in THF, a precipitate formed in 
the NMR tube.   Use of other solvents, such as DMSO and water, did not result in the solvation 
of the precipitate and characterization of the precipitate was unsuccessful.  From the data 
collected to date, Mechanism 3 (Scheme 4.3) is proposed for the base triggered degradation of 
POSs.  In this mechanism, deprotonation of the backbone of the polymer by base leads to 
elimination of the acetate group rather than the regeneration of monomer proposed in 
Mechanism 1.  In addition to the pyridinium carboxylate degradation product, elimination of the 
acetate group results in a poly(acetylene sulfone).  Substituted poly(acetylene sulfone)s have 
been reported previously, but to the best of our knowledge, poly(acetylene sulfone) has not.
34-36
  
This polymer backbone in solution would then undergo further rapid degradation, possibly to 
gases sulfur dioxide and acetylene.   Sulfur dioxide is spectroscopically silent and acetylene 
could either rapidly evolve from the solution or its NMR signal could be masked by overlapping 
peaks.  Further work will be required to fully elucidate this mechanism, involving the use of 
deuterated monomers to probe a potential primary kinetic isotope effect.  In addition, low 
temperature NMR experiments may enable the observation of reactive intermediates such as the 
poly(acetylene sulfone) or acetylene. 
 
4.5 Base-induced degradation of polymer in solution monitored by GPC 
Gel permeation chromatography was used to further characterize the degradation of the 
PVESs in solution.   When exposed to 1 equiv of pyridine, rapid molecular weight loss was 
observed for all of the PVES polymers, with nearly complete degradation occurring for P1, P2, 
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and P3 in 1h (Figure 4.9).   Polymer P4 showed significant loss of molecular weight but had not 
fully degraded in 3h.   For P5, polymer degradation in the presence of base was not observed as 
indicated by no loss of molecular weight.   The relative rate of degradation for the PVESs, as 
determined by GPC, was much more rapid than for NMR.   This observation indicated that the 
loss of material integrity likely occurred prior to complete degradation and that the persistence of 
NMR signals related to the polymer backbone at later times were likely due to the presence of 
small oligomers. 
 
Figure 4.9   GPC study of poly(olefin sulfone) degradation in THF with 1 equiv pyridine at 
room temperature.    
 
 
4.6 Stability of polymer films exposed to aqueous solutions 
To probe the barrier properties of the PVES films, the crossover of Rhodamine B dye was 
monitored over time in aqueous solution at room temperature.   Thin films of polymer (thickness 
ca.  30 μm, Table 4.4) were solvent cast from acetone.   Robust, free-standing films were 
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obtained for P1, P3 and P4.  Thin films of P2 could not be formed and films from P5 proved to 
be too brittle for use in subsequent studies.   The time-dependent crossover of Rhodamine B dye 
through the films was determined using PermeGear Side-Bi-Side cells (Figure 4.10).   Crossover 
of the dye was monitored by periodic sampling of the receiver cells using fluorescence 
spectroscopy.   Over a period of 7 days, minimal crossover of dye (< 1%) was observed from P1, 
P3 and P4 when exposed to water (Table 4.4, Figure 4.11).   This observation demonstrated that 
the films were free of pinholes and stable in water over the time period tested.   Additionally, 
there was no evidence of surface erosion of the films upon exposure to water, as characterized by 
scanning electron microscopy (Figure 4.12-4.13). 
 
 
Figure 4.10  Left: Cartoon of a Permegear Side-Bi-Side cell, adapted from 
http://www.permegear.com/sbs.htm.   Right: Rhodamine B dye. 
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Figure 4.11   Crossover of Rhodamine B dye across polymer films exposed to water at room 
temperature. 
 
Table 4.4   Crossover of Rhodamine B dye across polymer films exposed to water at room 
temperature. 
Polymer Average Film 
Thickness (μm) 
Crossover after 
7 days (%) 
Stable in DI 
water (days) 
P1 29.9 ± 3.8 0.9 ± 0.6 >8 
P3 27.5 ± 3.4 0.5 ± 0.5 >12 
P4 30.3 ± 2.1 0.4 ± 0.3 >14 
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Figure 4.12   SEM micrographs of the top surface (not in contact with PTFE-lined Petri dish 
when cast) of PVES polymer films freshly cast: (a) P1, (b) P3, and (c) P4 and after exposure to 
water for 7 days: (d) P1, (e) P3, and (f) P4.   Scale bars are 50 μm. 
 
 
Figure 4.13   SEM micrographs of the bottom surface (in contact with PTFE-lined Petri dish 
when cast) of PVES polymer films freshly cast: (a) P1, (b) P3, and (c) P4 and after exposure to 
water for 7 days: (d) P1, (e) P3, and (f) P4.   Scale bars are 50 μm. 
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The acid stability of the P1 polymer film was also tested using the same method.   When 
exposed to 1M HCl, the P1 film experienced the onset of crossover after 1 day, though complete 
crossover was not immediate and after 5 days full crossover had still not been achieved (Figure 
4.14).   Visual inspection of the film revealed that the portion of the film exposed to the solution 
was still present, indicating that the slow crossover was due to poration of the film.   The film of 
P1 was also exposed to pH 4 buffer solution and was found to be stable for at least 4 days with 
minimal crossover occurring (ca.  1.4 %) (Figure 4.14).   Additionally, when P1 was exposed to 
carbonated water (Canada Dry Original Sparkling Seltzer Water), once again minimal crossover 
of dye (ca.  3.5 %) was observed over 4 days (Figure 4.14).   These results show P1 is stable in 
mild acidic conditions. 
 
 
Figure 4.14   Crossover of Rhodamine B dye across P1 films exposed to various conditions at 
room temperature. 
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4.7 Base-triggering of polymer film degradation  
Polymer films were then tested for stability to aqueous solutions of KOH.   The system 
was modified to flow the contents of the receiver cell through a cuvette such that the absorbance 
of Rhodamine B could be monitored by UV/Vis spectroscopy.
37
  When exposed to 1 M KOH, all 
three polymer films degraded such that full crossover of dye was observed within 15 min (Figure 
4.15, Table 4.5).   Additionally, when the films were removed from the Side-Bi-Side cell 
apparatus, the portion of the film exposed to the KOH solution was fully degraded leaving a hole 
in the film.   Decreasing the concentration of the KOH solution to 0.1 M led to longer film life-
times.    
 
 
Figure 4.15   Crossover of Rhodamine B dye across PVES films, (a) P1, (b) P3, and (c) P4, 
exposed to solutions of potassium hydroxide at rt. 
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Table 4.5   Degradation of PVES films exposed to solutions of potassium hydroxide at rt. 
Polymer Onset of 
Degradation  in 
1 M KOH (min) 
Onset of 
Degradation in 
0.1 M KOH 
(min) 
P1 1.5 ± 0.4 5.3 ± 1.1 
P3 10.7 ± 1.6 98.7 ± 29.5 
P4 11.5 ± 2.3 97.3 ± 30.7 
 
In agreement with the NMR data described above, P1 degraded fastest when exposed to base 
compared to the other two polymers (ca.  5.3 min degradation onset for 0.1M KOH).   However, 
for both concentrations of KOH, P3 and P4 had very similar onsets of degradation (ca.  98.7 min 
and 97.3 min degradation onsets for 0.1M KOH, respectively).  Based on the solution NMR 
studies, it was expected that P3 would have a quicker onset.   It is possible that the relative rate 
differences from the 1M KOH data and the NMR studies are related to the properties of the film, 
such as brittleness, rather than the degradable properties of the film, resulting in film breakage 
prior to full film degradation.  Furthermore, using hydroxide bases instead of pyridine could have 
altered the reaction pathway for the degradation.  However, characterization of the degradation 
product in 1M KOH in D2O confirmed the presence of the carboxylate degradation products with 
no other degradation products observed (Table 4.6).   P1 was also exposed to NaOH to determine 
if the counter ion impacted the rate degradation.   The experimental onsets of degradation were 
similar to the KOH experiments (Figure 4.16).   These results demonstrated that the PVESs 
could be rapidly triggered to degrade in bulk films with potential applications in microcapsules. 
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Table 4.6   
1
H NMR characterization of  PVES degradation products in 1M KOH in D2O. 
 
Polymer 
1
H NMR Shift of 
Carboxylate Degradation 
Products in D2O(ppm) 
P1 1.841 (s) 
P2 3.988 (s) 
P3 7.798 (dd) 
7.479 (t) 
7.406(t) 
P4 1.028 (s) 
 
 
Figure 4.16   Crossover of Rhodamine B dye across P1 films exposed to solutions of sodium 
hydroxide at rt. 
 
4.8 Mechanical characterization of poly(vinyl ester sulfone) films 
 The mechanical properties of polymers can give an indication of the suitability of the 
polymer for encapsulation applications.   The elastic modulus of the materials should be high 
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enough to support fabrication of electronic devices without excessive deformation and the films 
must be tough enough to resist cracking or fracture when handling.Using the methods previously 
described, thicker polymer films of P1, P3 and P4 (ca.  100 μm) were solvent cast.   These films 
were characterized using nanoindentation, revealing that the films had reduced moduli of 2.2, 
4.8, and 3.7 GPa, respectively (Figure 4.17).   Additionally, attempts were made to characterize 
the films using tensile testing.   It was found that P3 and P4, as cast, were too brittle for the 
tensile testing methods used.   P1 was found to have a Young’s modulus of 99 ± 6 MPa.   These 
initial results indicated that the polymers could potentially be used for encapsulation 
applications, especially P1, though further investigation of polymer processing and 
characterization will be necessary to accurately determine the materials properties of these 
polymers.    
 
 
Figure 4.17   Nanoindentation of PVESs with Berkovich tip, depth of 0.5 μm. 
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4.9 Conclusion 
A series of poly(vinyl ester sulfone)s were prepared which degrade rapidly when exposed 
to base.   Degradation of these materials was characterized both in solution and in bulk.   By 
varying the pendent group on the polymer, the lifetimes of the polymers were tuned to be over a 
wide range of times.   In the presence of 5 equiv of pyridine in solution, significantly faster 
relative rates of depolymerization were obtained than those previously reported for aliphatic 
poly(olefin sulfone)s.   Additionally, the observed products indicated that the degradation of 
these polymers proceeded through an alternate mechanism compared to previously reported base 
degradation of poly(olefin sulfone)s.   In addition to rapid base degradation, these materials were 
found to have good stability in aqueous environments and barrier properties.   These materials 
have potential applications as base-triggerable microcapsules, especially in applications that 
require the delivery of multiple additives at different times. 
 
4.10 Experimental 
4.10.1 Materials and methods   
All commercially available reagents, except for monomers, were used as received 
without further purification.   All monomers, vinyl acetate, vinyl benzoate, vinyl chloroacetate 
and vinyl pivalate were distilled prior to use, deoxygenated by freeze-pump-thaw (three times) 
and stored in Schlenck tubes at -20 °C.   tert-Butyl hydroperoxide was purchased from Sigma 
Aldrich as a 5-6 M solution in decane and was assumed to be 5.5 M for all calculations.   Sulfur 
dioxide (anhydrous, 99.98%) was purchased from Airgas in lecture bottles.   A 3-neck graduated 
cylinder (a 25-mL cylinder with two 20/24 female joints and a right angle Kontes valve) was 
fabricated by the glass shop at the School of Chemical Sciences, University of Illinois Urbana-
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Champaign (SCS, UIUC).   Unless otherwise noted, all reactions were carried out under argon 
atmosphere using standard Schlenk techniques in a chemical fume hood.   All glassware was 
oven-dried prior to use. 
All 
1
H and 
13
C NMR spectra were recorded using a Varian 500, 600, or 750 MHz 
spectrometer.   
13
C NMR were measured with a proton-decoupled pulse sequence.   All chemical 
shifts are reported relative to the deuterated solvent [
1H (THF) δ = 1.72 ppm; 13C (THF) δ = 
26.19 ppm].   Analytical gel permeation chromatography (GPC) analyses were performed on one 
of two instruments, a Waters1515 Isocratic HPLC pump, a Waters (2998) Photodiode Array 
Detector, a Waters (2414) Refractive Index Detector, a Waters (2707) 96-well autosampler in 
THF at 30 °C or an Agilent 1260 Infinity in THF at 25 °C.   Both instruments were equipped 
with a series of 4 Waters HR Styragel columns (7.8 x 300mm, HR1, HR3, HR4, and HR5) and 
were calibrated using monodisperse polystyrene standards.   UV-Vis spectra were recorded using 
a Shimadzu UV-2401PC.   Standard quartz cells and standard quartz flow cell cuvettes with a 
path length of 1 cm were purchased from Starna Cells.  Flow cell UV-Vis experiments were 
performed using Masterflex L/S Digital Economy Drive Model 7524-40 peristaltic pump 
equipped with a Masterflex EW-77390-0 PTFE-Tubing Pump Head (flow rate = 1 mL/min).   
Fluorescence spectroscopy was performed on a Horiba Fluoromax-4 spectrofluorometer.   
Thermogravimetric analysis (TGA) was performed on a TA Instruments Q50 analyzer.   Samples 
were heated in a platinum crucible at a rate of 5 °C/min under a nitrogen atmosphere.   
Differential scanning calorimetry (DSC) was performed using a TA Instruments Q20 differential 
scanning calorimeter with aluminum pans.   Ramped DSC scans were performed at a rate of 
10 °C/min in the temperature range as -50 °C to 170 °C, or 10 °C below the decomposition onset 
temperature.   Scanning electron microscopy (SEM) was performed with a Philips XL30 ESEM-
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FEG.  Before SEM imaging, samples were sputter-coated with Au/Pd to eliminate charging 
effects (ca.  7 nm).  Elemental analysis (CHNSCl) was performed by the Microanalysis 
Laboratory at the SCS, UIUC.   
 
4.10.2 Synthesis of poly(olefin sulfone)s 
General polymerization procedure for poly(vinyl ester sulfone)s  
The synthesis of poly(vinyl acetate sulfone) has been reported previously.
19
  These procedures, 
along with those recently reported by Lee et al.,
29
 were adapted to polymerize sulfur dioxide 
with vinyl ester monomers.   A typical polymerization procedure is as follows: a three-neck 
round-bottom flask was fitted with a cold-finger, a stir bar, a gas inlet adapter and a rubber 
septum.   The vinyl ester (1 g) was added to the flask which was cooled in an acetone/dry ice 
bath.   Sulfur dioxide (20 equiv) was condensed at -78 °C into a 25-mL, three neck graduated 
cylinder which was vented through a bubbler into an aqueous solution of sodium hydroxide.   
The sulfur dioxide was subsequently transferred from the graduate cylinder to the three-neck 
flask via the cold finger and the solution was allowed to equilibrate to -78 °C for 5 min.   tert-
Butyl hydroperoxide (1-5 mol %) was added to the solution, which immediately turned cloudy.   
The polymerization was allowed to proceed for 3 h with the solution solidifying within 20 
minutes.   The polymer was drawn from the reaction mixture using tweezers and transferred into 
cold methanol.   The solid polymer was then collected by vacuum filtration before being 
dissolved in acetone and re-precipitated into cold methanol.   The polymer was dried overnight 
under high vacuum, then subsequently further dried by either lyophilization (P1 and P2) or via 
Abderhalden (phosphorus pentoxide, heated by refluxing toluene) (P3 and P4).   The polymer 
was then stored at -20 °C. 
131 
 
 
 
 
 
Poly(vinyl acetate sulfone) (P1) 
 
Polymerization was carried out with vinyl acetate (1 equiv, 11.5 mmol, 1.00 g), sulfur dioxide 
(20 equiv, 232 mmol, 10.2 mL), and tBuOOH (2 mol % at 5.5 M in decane, 0.22 mmol, 25 μL), 
yielding P1 as white solid (1.45 g, 84 %).   
1H NMR (500 MHz, THF) δ 6.55 – 6.36 (m, 1H), 
4.15 – 3.93 (m, 2H), 2.28 – 2.22 (m, 3H).   13C NMR (151 MHz, THF) δ 170.1, 170.0, 117.0, 
170.0, 169.9, 169.9, 169.8, 82.0, 81.9, 81.8, 81.6, 81.5, 81.5, 81.3, 81.2, 81.1, 81.0, 81.0, 81.0, 
50.9, 50.6, 50.4, 50.3, 49.9, 49.7, 25.9, 21.2, 21.1.   Anal.  calcd for C4H6O4S C, 32.00; H, 4.03; 
S, 21.35; found: C, 31.54; H, 3.69; S, 22.6.   GPC analysis (THF): Mn = 68 kDa; Mw = 198 kDa; 
PDI = 2.9. 
 
Poly(vinyl chloroacetate sulfone) (P2) 
 
Polymerization was carried out with vinyl chloroacetate (1 equiv, 10.1 mmol, 1.22 g), sulfur 
dioxide (18 equiv, 182 mmol, 8.0 mL), and tBuOOH (1 mol % at 5.5 M in decane, 0.10 mmol, 
19 μL), yielding P2 as fluffy white solid (1.33 g, 71 %).   1H NMR (500 MHz, THF) δ 6.65 – 
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6.48 (m, 1H), 4.56 – 4.32 (m, 2H), 4.23 – 4.00 (m, 2H).   13C  NMR (151 MHz, THF) δ 167.5, 
167.4, 167.3, 167.3, 82.6, 82.6, 82.5, 82.4, 82.3, 82.2, 82.1, 81.9, 50.2, 50.1, 50.0, 49.9, 49.9, 
49.8, 49.7, 49.7, 49.6, 41.9, 41.8.   Anal.  calcd for C4H5O4ClS C, 26.03; H, 2.73; Cl, 19.21; S, 
17.37; found: C, 25.85; H, 2.45; Cl, 19.82; S, 16.49.   GPC analysis (THF): Mn = 11.3 kDa; Mw = 
28.7 kDa; PDI = 2.5. 
 
Poly(vinyl benzoate sulfone) (P3) 
 
Polymerization was carried out with vinyl benzoate (1 equiv, 6.8 mmol, 1.01 g), sulfur dioxide 
(21 equiv, 141 mmol, 6.2 mL), and tBuOOH (5 mol % at 5.5 M in decane, 0.34 mmol, 62.5 μL), 
yielding P3 as white solid (0.95 g, 66 %).   
1H NMR (500 MHz, THF) δ 8.16 – 7.97 (m, 2H), 
7.63 – 7.51 (m, 1H), 7.46 – 7.33 (m, 2H), 6.94 – 6.66 (m, 1H), 4.37 – 4.02 (m, 2H).   13C NMR 
(151 MHz, THF) δ 165.9, 165.8, 165.8, 165.7, 165.7, 135.9, 135.9, 132.2, 130.4, 130.3, 129.7, 
129.6, 129.6, 129.6, 129.6, 129.5, 129.5, 129.5, 129.5, 82.4, 82.4, 82.3, 82.3, 82.3, 82.3, 82.2, 
82.1, 81.9, 81.9, 81.8, 81.8, 81.7, 50.9, 50.8, 50.7, 50.6, 50.5.   Anal.  calcd for C9H8O4S C, 
50.94; H, 3.80; S, 15.11; found: C, 50.50; H, 3.66; S, 15.88.   GPC analysis (THF): Mn = 170 
kDa; Mw = 554 kDa; PDI = 3.3. 
 
Poly(vinyl pivalate sulfone) (P4)   
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Polymerization was carried out with vinyl pivalate (1 equiv, 7.6 mmol, 0.97 g), sulfur dioxide 
(21 equiv, 159 mmol, 7.0 mL), and tBuOOH (5 mol % at 5.5 M in decane, 0.40 mmol, 72.5 μL), 
yielding P4 as white solid (0.91 g, 62 %).   
1H NMR (500 MHz, THF) δ 6.58 – 6.45 (m, 1H), 
4.10 – 3.81 (m, 2H), 1.32 – 1.26 (b, 9H).   13C NMR (151 MHz, THF) δ 177.0, 177.0, 177.0, 
176.9, 81.3, 80.9, 80.9, 80.8, 80.8, 50.3, 50.2, 50.2, 50.1, 50.1, 50.0, 50.0, 40.4, 40.0, 28.0, 28.0, 
28.0.   Anal.  calcd for C7H12O4S C, 43.74; H, 6.29; S, 16.68; found: C, 43.52; H, 6.25; S, 15.6.   
GPC analysis (THF): Mn = 72 kDa; Mw = 321 kDa; PDI = 4.5. 
 
Poly(1-hexene sulfone) (P5) 
 
Polymerization was carried out in at -41 °C
3
 with 1-hexene (1 equiv, 6.0 mmol, 0.51 g), sulfur 
dioxide (21 equiv, 127 mmol, 5.6 mL), and tBuOOH (5 mol % at 5.5 M in decane, 0.27 mmol, 
54 μL), yielding P5 as white solid (0.51 g, 57 %).   1H NMR and 13C NMR spectra was 
consistent with previous reports.
3
  Anal.  calcd for C7H12O4S C, 48.62; H, 8.16; S, 21.63; found: 
C, 48.15; H, 8.01; S, 19.73.   GPC analysis (THF): Mn = 123 kDa; Mw = 164 kDa; PDI = 1.33. 
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Figure 4.18   
1
H NMR spectrum of P1 in deuterated THF. 
 
 
Figure 4.19   
13
C NMR spectrum of P1 in deuterated THF.  
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Figure 4.20.  
1
H NMR spectrum of P2 in deuterated THF. 
 
 
Figure 4.21   
13
C NMR spectrum of P2 in deuterated THF. 
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Figure 4.22   
1
H NMR spectrum of P3 in deuterated THF. 
 
 
Figure 4.23   
13
C NMR spectrum of P3 in deuterated THF. 
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Figure 4.24  
1
H NMR spectrum of P4 in deuterated THF. 
 
 
Figure 4.25   
13
C NMR spectrum of P4 in deuterated THF. 
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4.10.3 NMR degradation  
Bases degradation of POSs in THF 
Samples for NMR degradation studies were prepared in an argon glovebox in NMR tubes sealed 
with rubber septa.   Solutions were prepared in deuterated THF with a concentration of 70 mM 
polymer (based on repeat unit molecular weight) and 7 mM trimethylphenylsilane as an internal 
standard.   Initial spectra were acquired of the solution, then 5 equiv pyridine was injected into 
the NMR tube via syringe through the rubber septa and the degradation was monitored over time.   
The experiments were repeated in triplicate for each polymer. 
 
4.10.4 GPC degradation   
Polymer was dissolved in THF at a concentration of 15 mg/mL and the solution was split into a 
series of small vials.   Pyridine (1 equiv) was added to each vial individually and the solutions 
were allowed to incubate at room temperature for the desired amount of time prior to 
characterization by GPC. 
 
4.10.5 Preparation of polymer films 
Polymer films were drop cast from solutions of polymer in acetone into PTFE-lined Petri dishes.   
The films were dried for 24 h in an acetone rich atmosphere at rt and then for an additional 24 h 
exposed to air.   Films for barrier property determination were cast from solutions of 100 mg (P1 
and P3) or 110 mg (P4) polymer in 3 mL acetone.   Films for nanoindentation were cast from 
solutions of 300 mg of polymer in 5 mL acetone.   Film thicknesses were measured using a 
micrometer, averaged over 15 samples.    
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4.10.6 Determination of polymer barrier properties 
The barrier properties of polymer films were determined using Side-Bi-Side cells with a 5 mm 
orifice diameter and a 3.4 mL internal volume from Permegear, Inc.  (Hellertown, PA, USA).   
The polymer films were placed between the cells and the cells were loaded with aqueous 
solution (receptor cell) or aqueous solution containing dye (donor cell).   For long term stability 
studies, the crossover of dye was monitored by fluorescence spectroscopy (λex = 553 nm, λem = 
573 nm) by taking aliquots of the receptor cell solution, runs were repeated in triplicate.   For 
polymer degradation studies, the crossover of dye was continuously monitored by flowing the 
contents of the receptor cell through a cuvette recording the absorbance by UV/Vis spectrometry 
(λ = 573 nm), four to six film samples were tested for each polymer.4 
 
4.10.7 Mechanical properties 
Nanoindentation 
A Hysitron TI-950 Triboindenter with a berkovich tip was used for nanoindentation 
measurements. Load control was used to indent the samples.  Polymer films were 100 – 120 μm 
thick. 
 
Tensile Testing 
Polymer films (thickness ca. 100 -120 μm) were tested in uniaxial tension on a TA RSA III 
dynamic mechanical analyzer at room temperature. Samples were tested at a constant 
displacement of 0.3 mm/min with a gauge length of 10 mm. Engineering stress and strain were 
calculated from the load-displacement data and the elastic modulus was measured from the 
initial linear stress-strain response. 
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Chapter 5:  Poly(olefin sulfone)s as Thermal-, Base-, and Fluoride-
triggered Degradable Polymers 
 
5.1 Introduction 
Poly(olefin sulfone)s (POSs) are prepared through the free radical copolymerization of 
sulfur dioxide and an olefinic monomer.
1
  The synthesis and application of a wide variety of 
monomers have been explored including styrenes, acrylates, aliphatic olefins, 1-alkynes and 
others.
1-5
  Recently, the investigation of POSs has had a resurgence, especially in the field of 
depolymerizable materials.  Recent reports have spanned triggers including thermal,
6
 base,
7-13
 
radiation,
14
 reactive oxygen species
15
 and ultrasound,
15
 for a variety of applications including 
transient electronic devices,
6
 composites,
14
 adhesives,
8
 and mucosal drug delivery.
12
  This 
chapter is divided into five sections detailing the development and characterization of base-
sensitive poly(vinyl butyl carbonate sulfone)s (PVBCSs), the modulation of the thermal 
degradation of PVtBCS, the use of PVtBCS as a thermo-acid generating polymer, the transience 
of poly(methyl acrylate sulfone) (PMAS) when exposed to base, and the development of fluoride 
sensitive POSs. 
 
5.2 Base degradation and barrier properties of poly(vinyl butyl carbonate sulfone)s 
PVtBCS is a thermally degradable polymer that was first reported to degrade at low 
temperatures by Jiang and Fréchet.
4
  Recently Lee et al. revisited this polymer, as well as the rest 
of the PVBCS series of polymers (Scheme 5.1).
6
  It was found that only PVtBCS (degradation 
onset ca. 91 °C) could be rapidly degraded when triggered thermally.   When the tert-butyl group 
is substituted for other butyl groups the degradation temperature of the materials is much higher 
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(ca. > 150 °C) and the polymers are poor candidates for rapid thermal triggering.  The poly(vinyl 
butyl sulfone) (PVBCS) series of polymers was further characterized for applications other than 
thermal sensitivity.  For these experiments the stability and base sensitivity of these materials 
were investigated. 
 
Scheme 5.1 Structures of poly(vinyl butyl carbonate) series of polymers. 
 
 
The ability to form films of the PVBCS series by solvent-casting from chloroform onto 
PTFE-lined petri dishes has been previously reported.
6
  The mechanical properties of these films 
have been studied previously using nanoindentation with reported reduced moduli of 2.4 to 4.8 
GPa.
6
  To gain further knowledge of the mechanical properties of this series of polymers, these 
films have been subjected to tensile testing (Figure 5.1, Table 5.1).  PVtBCS was too brittle to 
perform tensile testing with the films breaking prior to testing.  Films of both PViBCS and 
PVnBCS were successfully tested and were found to have tensile moduli of 5 MPa and 2.6 MPa 
respectively.  PVnBCS was a more ductile material with a strain to failure of greater than 6 % 
compared to 0.9 % for PViBCS.  These experimental mechanical properties confirmed that 
PVnBCS and PViBCS have the potential to make robust transient substrates. 
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Figure 5.1 Stress strain curves for PViBCS and PVnBCS. 
 
Table 5.1 Summary of tensile testing data for PVBCS series of polymer. 
Polymer Tensile Modulus 
(MPa) 
Strain to Failure 
PVtBCS --
a
 --
a
 
PVnBCS 2.6 > 6 % 
PViBCS 5 0.9 % 
a
PVtBCS films were too brittle to characterize by tensile testing 
 
To determine the barrier properties of these materials, Side-Bi-Side Cells from Permegear 
were used (Figure 5.2).  These cells consisted of two solvent chambers separated by a membrane 
or thin polymer film.  A dye, or other small molecule, was placed into one chamber and its 
diffusion into the other chamber, across the polymer film, was monitored by ultraviolet/visible 
(UV/Vis), fluorescence or nuclear magnetic resonance (NMR) spectroscopy.  A constant 
increase in dye diffusion over time would indicate that the membrane is permeable to the small 
molecule or dye while a sudden, drastic increase in the dye concentration would indicate 
degradation or rupture of the polymer film. 
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Figure 5.2 Left: Cartoon of a Permegear Side-Bi-Side cell, adapted from 
http://www.permegear.com/sbs.htm.  Right: Rhodamine B dye. 
 
The permeability of the thin films of polymers was determined by monitoring the 
diffusion of Rhodamine B dye using fluorescence spectroscopy (Table 5.2, Figure 5.3).  It was 
found that over the course of a day, the polymers were stable when exposed to DI water and did 
not have any pinholes or other defects.  By monitoring the crossover of dye, it was seen that the 
polymers have low permeability with PVtBCS having the largest crossover of dye at 2.2 % and 
PViBCS having the least at 0.4 %. 
 
Table 5.2 Stability and permeability of PVBCS films over 24 h monitored by crossover of 
Rhodamine B dye by fluorescence spectroscopy. 
Polymer Film Thickness 
(μm) 
% Crossover 
PVtBCS 19 ± 4 2.2 % 
PVnBCS 15 ± 4 1.6 % 
PViBCS 16 ± 2 0.4 % 
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Figure 5.3 Stability and permeability of PVBCS films over 24 h monitored by crossover of 
Rhodamine B dye by fluorescence spectroscopy. 
 
The permeability of water through the PVBCS films was also investigated by placing DI 
water on one side of the cell and D2O on the other side. The amount of D2O that crossed through 
the film to the DI water was monitored by NMR (Table 5.3, Figure 5.4).  It was found that for all 
of the films there was around 2-2.5 % crossover of D2O, indicating that the films are permeable 
to water but that they showed low crossover over a 24 h period. 
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Figure 5.4. Water crossover through PVBCS films over 24 h, monitored by NMR. 
 
Table 5.3. Water crossover through PVBCS films over 24 h, monitored by NMR. 
Polymer Crossover of water (M) % Crossover of water 
PVtBCS 0.12 2.5 % 
PVnBCS 0.10 2.2 % 
PViBCS 0.09 2.0 % 
 
After determining the stability and permeability of these materials, the ability of these 
materials to be degraded by base was determined.  The film was exposed to 1M potassium 
hydroxide (KOH) and crossover of Rhodamine B dye was monitored by fluorescence 
spectroscopy.  Under these conditions, all of the polymer films degraded within an hour (Figure 
5.5).  PViBCS and PVnBCS degraded rapidly with almost complete degradation occurring 
within the first 10 minutes.  PVtBCS degraded more slowly taking nearly 40 minutes for 
complete degradation.  This trend follows the expected trend based on the steric bulk of the 
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substitution of the pendent group.  The films were assessed after the degradation study and for all 
films the portion of film touching the KOH was completely degraded (Figure 5.5, inset).   
 
 
Figure 5.5  Degradation of PVBCS films by 1 M KOH monitored by crossover of Rhodamine B 
dye by fluorescence spectroscopy. Inset: image of polymer film (yellow) after exposure to 1 M 
KOH, the central portion of the film directly touched the KOH solution and is completely 
degraded, scale bar: 5 mm. 
 
To further characterize the base degradation of the PVBCSs, the polymers were exposed 
to pyridine (5 equiv) in deuterated THF.  
1
H NMR allowed monitoring of the degradation by the 
disappearance of the backbone methyne signals on the backbone of the polymer (Figure 5.6).  
The same trend of degradation was observed in the pyridine degradation studies as in the KOH 
degradation studies with PVnBCS and PViBCS degrading fastest, followed by PVsBCS and 
then PVtBCS.  This trend follows the expected stability of the butyl groups based on their steric 
bulk.  In both the pyridine and KOH studies, the PVBCS polymers degraded under a similar time 
frame as the PVES polymers (Figure 4.2).  However, this rapid degradation likely proceeded 
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through an alternate mechanism to that previously reported in the literature (backbone 
deprotonation and monomer regeneration),
16
 as discussed in Chapter 4. 
 
 
Figure 5.6  Degradation of 70 mM PVBCSs in deuterated THF when exposed to 5 equiv 
pyridine at rt as monitored by NMR spectroscopy. 
 
The PVBCS series of polymers was thoroughly characterized and demonstrated good 
barrier properties and rapid degradation when exposed to base.  Future work on these materials 
will focus on validation of the results presented in this chapter, as well as longer periods of 
study, in order to draw concrete conclusions.  Ultimately, the PVBCS demonstrated base 
degradation over a similar time frame as the PVES polymers, though the range of degradation 
rates was over a narrower period of time.   The PVBCS series required monomer synthesis and 
purification, compared to the commercial monomers of the PVES series, but the PVBCS 
polymers possessed more desirable materials properties.  These two series of polymers together 
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offer a wide variety of opportunities for use in the fields of encapsulation and transient electronic 
devices. 
 
5.3 Modulation of the thermal degradation of poly(vinyl tert-butyl carbonate sulfone)  
The polymer PVtBCS has been shown to undergo rapid thermal degradation at elevated 
temperatures (ca. 75 °C) leaving less than 5 wt % residue behind.6  These characteristics are ideal 
for transient electronic devices.  Unfortunately, PVtBCS also undergoes degradation at room 
temperature and must be stored at low temperatures (ca. -20 °C) to prolong shelf-life.  It has been 
proposed that this degradation at lower temperatures is due to the autocatalytic degradation of 
PVtBCS in the presence of water (Scheme 5.2).  As PVtBCS thermally degrades it releases 
sulfur dioxide, when this sulfur dioxide reacts with water it is converted to sulphurous acid.  The 
acid can then feed back into the cycle and degrade PVtBCS, with each subsequent cycle 
generating more acid.  To improve the shelf life of PVtBCS this cycle must be modulated or 
removed.  There are two paths forward in the development of rapidly degrading thermal 
polymers: (1) the development of new monomers and polymers with more favorable degradation 
profiles and (2) the introduction of additives into existing polymers to modulate their 
degradation.  The incorporation of small molecules additives into PVtBCS polymer films will 
increase the shelf-life of these materials without the tedious process of synthesizing new 
monomers and polymers.  The use of pH indicators, such as methyl yellow (MY, pKa = 3.3) as 
additives in PVtBCS films have the potential to both modulate degradation but also undergo a 
color change signaling the end-of-life of the polymer as the pH of the film rises. 
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Scheme 5.2 Mechanism of autocatalytic degradation of PVtBCS and modulation by MY. 
 
 
To characterize the thermal properties of the PVtBCS and MY films, film formation was 
standardized and samples were used with uniform thickness and mass.  PVtBCS films were 
prepared incorporating 0 to 15 wt % MY.  These films were characterized by isothermal 
thermogravimetric analysis at 70 °C for 12 hours to determine the impact of MY on the rate of 
film degradation (Figure 5.7a).  Increasing the amount of MY added to the samples resulted in a 
decrease in the rate of degradation.  Unfortunately, in addition to decreasing the rate of 
degradation, increasing the loading of MY resulted in an increase in the amount of residue 
remaining.  Attempts to characterize this residue by NMR and EA were unsuccessful.  This 
residue cannot be attributed to just the loading of MY and likely is a byproduct of the altered 
degradation pathway in the presence of MY.  The impact of MY on the degradation onset 
temperature of the films was also investigated using a TGA ramping method (Figure 5.7b).  The 
incorporation of MY into the films had little impact on the degradation temperatures.  A 
significant color change was seen in the polymer films over time, transitioning from a bright 
orange to a dark red color (Figure 5.8).  
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Figure 5.7 Thermogravimetric analysis of PVtBCS films containing MY as an additive.  (a)  
Isothermal heating of films at 70 °C, and (b) ramp from 25 to 200 °C at a rate of 5 °C/min. 
 
 
Figure 5.8 Large films of PVtBCS with 2 wt % MY heated at 60 °C for varying amounts of 
time; scale bar is 2 cm. 
 
154 
 
To further characterize these materials, GPC was used to determine how degradation 
affects the molecular weight of the polymers when exposed to thermal stimuli.     Samples 
containing 0 % MY, 15 wt % MY and 50 wt % MY in PVtBCS were stored at room 
temperature and were characterized by GPC (Figure 5.9).  Over an 11 day period, while there 
was a 9 % reduction in the molecular weight loss for the sample containing 15 wt % MY, 
significant loss of molecular weight (76 %) still occurred.  The 50 wt % MY sample exhibited 
only a minimal improvement to the reduction in molecular weight.  This data indicated that while 
there is greater molecular weight retention with MY present in PVtBCS, the molecular weight 
retention was sufficient to provide a drastic retention of material properties over extended 
periods of time.  Additionally, the molecular weight loss of PVtBCS solutions in THF over time 
was characterized.  Interestingly, it was found that at room temperature PVtBCS in solution was 
considerably more stable than in the solid state (Figure 5.10). 
 
 
Figure 5.9 Molecular weight remaining of PVtBCS films containing methyl yellow as an 
additive stored at room temperature under a nitrogen environment. 
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Figure 5.10 Molecular weight remaining of PVtBCS solutions in THF stored under argon at 
room temperature or in the freezer (-20 °C). 
 
Other pH indicators were also investigated for their ability to inhibit PVtBCS 
degradation including crystal violet (pKas = 1.15 and 1.8), bromothymol blue (pKa = 7.1), o-
naphtholbenzein (pKa = 8.95) and indigo carmine (pKa =12.2).  These indicators were 
incorporated into PVtBCS films at 15 wt % and the films were heated isothermally at 70 °C 
(Figure 5.11).  As expected from the proposed thermoacidic degradation mechanism, the pH 
indicators with neutral to basic pKas had little impact on the degradation of PVtBCS.  This is 
due to these molecules already being in the fully protonated form when incorporated into the 
polymer.  The incorporation of these indicators into the films only resulted in an increase in 
residue comparable to the amount of indicator added to the residue that PVtBCS generated. For 
crystal violet, with the lowest pH activity range, incorporation into PVtBCS films resulted in an 
even greater reduction in the rate of degradation than MY but it also resulted in more residue 
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remaining.  Ultimately, it was determined that the incorporation of pH indicators into PVtBCS 
film while providing color indication of end of life and modestly prolonging the shelf-life of 
these materials, was not ideal for the preparation of transient electronic materials due to the large 
degree of residue remaining.  Future work may include the investigation of other additives and 
the incorporation of both PVtBCS and MY into poly(phthalaldehyde) (PPA) films to modulate 
the thermoacid-induced degradation of PPA.   
 
 
Figure 5.11 Thermogravimetric analysis of PVtBCS films containing pH indicator additives, 
isothermal heating of films at 70 °C. 
 
In an effort to demonstrate the autocatalytic nature of the thermal degradation of 
PVtBCS, the polymer was subjected to additives that would theoretically remove the excess acid 
generated in the autocatalytic process thereby slowing the rate of degradation.  Proton sponge 
(PS), 1,8-bis(dimethylamino)naphthalene, was selected for its ability to soak up protons.
17
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Thermogravimetric analysis (TGA) was used to characterize the thermal degradation of PVtBCS 
with PS in the solid state (Figure 5.12).  The presence of PS seemed to lower the rate of 
degradation, but, similar to the pH indicators, there was a large amount of residue formed 
potentially indicating that side reactions were taking place. 
 
 
Figure 5.12  Thermal degradation of PVtBCS and PS at 85 °C, monitored by TGA. 
 
To better understand the role of PS in the thermal degradation of PVtBCS, the process was 
monitored by 
1
H NMR spectroscopy in d6-DMSO.  By NMR it was seen that the presence of PS 
at 75 °C increased the rate of degradation of PVtBCS, acting contradictory to what was intended 
(Figure 5.12).  This increase in degradation was likely due to the basic nature of PS (pKa = 12.3), 
as we have shown previously that base degrades PVtBCS (Figure 6).  The large residue observed 
by TGA likely consisted of either multiple small molecule side products of the degradation of 
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PVtBCS and PS, or an alternate polymer species formed from this degradation or a combination 
of those possibilities. 
 
 
Figure 5.13.  Thermal degradation of PVtBCS and additives in DMSO at 75 °C, monitored 
by NMR spectroscopy. 
 
As PS was found to degrade PVtBCS, a base with a lower pKa, 2,6-di-tert-butylpyridine 
(DtBP, pKa = 3.6) was targeted as a less basic compound had the potential to soak up 
protons liberated during the thermal degradation while not directly reacting with the 
PVtBCS.  In previous experiments with PVESs, it was observed that DtBP did not degrade 
polymers of similar structures to PVtBCS at room temperature (Figure 4.8).  Unfortunately, 
at 75 °C DtBP was found to lead to an increase in the rate of thermal degradation of 
PVtBCS, though not to the extent of PS (Figure 5.13). From the data collected, the use of 
small molecules was unable to completely inhibit the autocatalytic, thermal degradation of 
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PVtBCS.  However, studies do suggest that judicious selection of a weakly basic additive 
may lead to improved, room temperature storage stability for these and related materials.  For 
future investigations, characterization with NMR spectroscopy will be key to determining 
how additives impact the thermal degradation of PVtBCS. 
 
5.4 Poly(vinyl tert-butyl carbonate sulfone) as a thermoacid generating polymer 
Poly(phthalaldehyde) (PPA) is a low ceiling temperature polymer formed through the 
polymerization of o-phthalaldehyde, that has been explored as a degradable material (Scheme 
5.3).
18-22
  When the polymer is synthesized through cationic polymerization (cPPA) the polymer 
chain is cyclic, offering better stability than the linear polymer chains formed through anionic 
polymerization.
23-24
  Due to its poly(acetal) backbone, cPPA can be rapidly degraded in the 
presence of acid.  Previous reports have demonstrated the photo triggering of cPPA through the 
incorporation of a small molecule photoacid generator into polymer films.
25
  The thermal 
degradation of cPPA through the incorporation of acid-filled wax microcapsules has also been 
reported.
26
   It has been proposed that the thermal degradation of PVtBCS results in the 
autocatalytic generation of acid (Scheme 5.2).  In this system, the PVtBCS acts as a thermal acid 
generating polymer which degraded the acid sensitive acetal backbone of cPPA.  It has also been 
shown that the use of MY as an additive in PVtBCS films can slow the rate of degradation of the 
polymer at elevated temperatures.  By combining these two systems a system was developed to 
tune the time-dependent degradation of cPPA.  
When heated isothermally at 85°C, the introduction of 1 wt % PVtBCS lowers the time 
to complete degradation of cPPA from around 250 min, when it is pristine, to 25 min (Figure 
5.14).  While maintaining a loading of 1 wt % PVtBCS, the addition of MY up to 1 wt % allows 
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for the modulation of degradation between 25 min and 350 min.  Loadings of MY of 0.25 wt % 
and 0.5 wt % resulted in the cPPA still degrading faster that in the absence of additives, but  
 
Scheme 5.3  Structures of cyclic poly(phthalaldehyde), poly(vinyl tert-butyl carbonate sulfone), 
and methyl yellow. 
  
 
 
Figure 5.14  Isothermal thermal gravimetric analysis traces of cPPA films containing PVtBCS 
and methyl yellow at 85°C. 
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when 1 wt % MY was present the lifetime of cPPA was actually extended.  Unexpectedly, when 
the MY loading was raised to 2 wt % a different degradation curve was observed with an initial 
increase in the rate of the degradation of cPPA.  To investigate this result further, films of cPPA 
were prepared with varying loadings of MY (Figure 5.15).  With 1 wt % MY, and below, the 
lifetime of cPPA was extended in the presence of additive, with more than half of the cPPA 
remaining after 12 h.  Above 1 wt % MY, additional additive does not improve the shelf life of 
the material further and in fact increases the degradation of cPPA relative to 1 wt% MY.  These 
results indicated that MY can act under two different mechanisms at low and high loading, 
resulting in both the prolongment of lifetime and quickening of depolymerization.  To further 
investigate this observation, more studies will be performed to map out the range of lifetimes 
available using the PPA, PVtBCS, and MY system and to determine the mechanism through 
which MY acts to modulate PPA lifetime. 
 
 
Figure 5.15  (A) Isothermal thermal gravimetric analysis traces of cPPA films containing MY at 
85°C.  (B) Mass remaining after 12 hrs at 85°C as a function of wt % MY. 
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5.5 Base sensitivity, barrier properties and mechanical and thermal characterization of 
poly(methyl acrylate sulfone) 
The synthesis of poly(methyl acrylate sulfone) (PMAS) has been extensively explored.
27-
30
  It is known that, unlike the PVESs and PVBCS, poly(acrylate sulfone)s (PASs) do not 
polymerize in a 1:1 ratio with sulfur dioxide due to the electron withdrawing pendent group of 
acrylates, causing them to preferentially homopolymerize.
1,27
  Polymerization at low 
temperatures favors more sulfur dioxide incorporation.
27
  While PMAS has previously been 
reported, there has been a lack of characterization of the mechanical, thermal, and barrier 
properties of this material, as well as the base sensitivity.  Studies were initiated to fully 
characterize this material to determine the viability of its use in encapsulation and transient 
electronic devices.   
 
Scheme 5.4 Synthesis of poly(methyl acrylate sulfone) 
 
 
The PMAS, as well as poly(tert-butyl acryalate sulfone) (PtBAS), was synthesized by 
adapting the procedures of Tsonis and Ali (Scheme 5.4).
27
   For PMAS a 1:1 ratio of sulfur 
dioxide to methyl acrylate was not achieved, consistent with the literature (Table 5.4).  The 
thermal properties of PMAS were characterized using both TGA and DSC. PMAS was found to 
have a thermal degradation onset of 271 °C (Table 5.4, Figure 5.16), much higher than that of 
PVESs (Figure 4.1) or PVBCSs.
6
  This increase was likely due to both the connection of the 
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ester group to the polymer backbone through a carbon—carbon bond, as opposed to a carbon-
oxygen bond, and because of the enhanced stability from the methyl -acrylate to methyl acrylate 
bonds that exist in the polymer structure due to the greater than 1:1 ratio of monomer to sulfur 
dioxide.  Conversely, PtBAS had a much lower onset of thermal degradation of 73 °C due to the 
elimination of the tert-butyl from the pendent group.  This degradation does not result in the full 
loss of polymer; there was a second degradation event at 186 °C.  These results were similar to 
those observed in the thermal degradation of poly(tert-butyl acrylate sulfone) (Figure 2.2).  The 
Tg of PMAS and PtBCS were found to be 69 °C and 45°C, respectively, with the lower Tg of 
PtBCS likely resulting from the bulkier tert-butyl group. 
 
Table 5.4  Molecular weights and thermal properties of poly(acrylate sulfone)s 
 Mn (kDa) PDI Ratio of 
Acrylate:SO2 
Tdecomp (°C) Tg (°C) 
PMAS 44
a
 1.3
a
 2.5:1 271 69 
PtBAS 25
b
 2.6
b
 --
c
 73
d 
186 
45 
a
GPC solvent = DMF, 
b
GPC solvent = THF, 
c
PtBAS was not characterized by elemental 
anyalysis, 
d
Two stage thermal degradation 
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Figure 5.16  Thermogravimetric analysis of PMAS and PtBAS, ramped at a rate of 5 °C/ min. 
 
Thin films of PMAS were solvent cast from chloroform into PTFE-lined Petri dishes.  
The robust, free-standing films obtained were highly flexible (Figure 5.17).  Mechanical 
characterization of these films was performed using tensile testing.  It was found that PMAS had 
a Young’s modulus of 81 ± 21 MPa and a strain to failure of > 9 %.  This material was very 
ductile and malleable, considerably more so than the PVESs and most of the PVBCS polymers. 
 
 
Figure 5.17  Stress-Strain curve of PMAS.  Inset: PMAS film being folded, the diameter of film 
is 5 cm. 
 
The time-dependent crossover of Rhodamine B dye through PMAS films was determined 
using PermeGear Side-Bi-Side cells.  Crossover of the dye across the film (thickness ca. 15 ± 7 
μm) was monitored by periodic sampling of the receiver cells using fluorescence spectroscopy.  
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Over a period of 22 days, minimal crossover of dye (ca. 0.5%) was observed for PMAS (Figure 
5.18a).  This observation demonstrated that the films were free of pinholes and not degraded by 
water over the time period tested.  When the film was removed from the Side-Bi-Side cell, it was 
noted that the portion exposed to water had turned white (Figure 5.18b).  The surfaces of the 
films, before and after exposure to water, were characterized using scanning electron microscopy 
(SEM) (Figure 5.18c-d).  Prior to water exposure, the PMAS film had striations on the surface 
caused by an imprint left from the Teflon surface during the casting process.  After water 
exposure, the striation on the film surface appeared to be eroded away.  The change in the color 
of the films and the surface erosion were likely due to hydrolysis of PMAS to poly(acrylic acid 
sulfone) (PAAS) and subsequent surface erosion of the film. 
 
 
Figure 5.18  (a) Crossover of Rhodamine B dye across PMAS films (thickness ca. 15 μm) 
exposed to water at room temperature. (b)  Image of PMAS film before water exposure 
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(colorless) and after water exposure (white).  SEM micrographs of the surface of PMAS films 
(c) before water exposure  and (d) after water exposure. 
 
The PMAS film was then tested for stability to aqueous solutions of KOH.  The system 
was modified to flow the contents of the receiver cell through a cuvette such that the absorbance 
of Rhodamine B could be monitored by UV/Vis spectroscopy.
31
  When exposed to 1 M KOH, 
PMAS films degraded rapidly with full crossover of dye occurring within 5 min (Figure 5.19a).  
Additionally, when the films were removed from the Side-Bi-Side cell apparatus, the portion of 
the film exposed to the KOH solution was fully degraded leaving a hole in the film.  Decreasing 
the concentration of the KOH solution to 0.1 M led to the film being stable over the length of the 
experiment (4 h) (Figure 5.19b), though there was noticeable clouding of the film. 
 
 
Figure 5.19 Crossover of Rhodamine B dye across PMAS films exposed to solutions of 
potassium hydroxide, (a) 1M and (b) 0.1M, at rt. 
 
These observations can be explained similarly to how the film in the long term aqueous 
experiments became white.  The exposure of the film to KOH caused the hydrolysis of the 
PMAS to PAAS.  At the higher concentration of KOH, the conversion is quick and the polymer 
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ultimately degraded into the aqueous solution, resulting in crossover.  This was confirmed using 
NMR, where PMAS, which is insoluble in water, was subjected to 1M KOH in D2O, resulting in 
the appearance of a water soluble polymer and methanol (Figure 5.20).  At the lower 
concentration of 0.1M KOH, full solubility had not yet been achieved during the duration of the 
experiment.  Additionally, it was shown that when dissolved in chloroform and subjected to 5 
equiv of pyridine, PMAS showed no evidence of degradation over 24 h (Figure 5.21). 
 
Figure 5.20 
1
H NMR spectrum of the degradation of PMAS in D2O when exposed to 1M KOH 
at room temperature.  PMAS is insoluble in D2O prior to degradation so a before spectrum is not 
shown. 
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Figure 5.21 
1
H NMR spectrum of the degradation of PMAS in deuterated chloroform (a) when 
exposed to 5 equiv pyridine and (b) in the absence of pyridine at room temperature for 25 h. 
In conclusion, PMAS was synthesized and characterized for potential use in transient  
 
electronic devices or encapsulation.  Compared to other POSs, PMAS has good mechanical 
properties and a high thermal degradation temperature.  Similarly to other POSs, PMAS showed 
good stability when exposed to water for a prolonged period of time.  While transience of PMAS 
was observed when exposed to high concentrations of base, PMAS did not fully degrade under 
these conditions, but became soluble in the aqueous environment.  Despite not fully degrading, 
PMAS still has potential in systems that do not require full degradation and could also be 
copolymerized with other more rapidly degrading monomers to provide better mechanical 
properties. 
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5.6 Fluoride sensitive poly(vinyl trimethylsilane sulfone) 
To continue to diversify the triggers which can be used to degrade poly(olefin 
sulfone)s, efforts turned to developing fluoride sensitive polymers.  Initial efforts to develop 
a fluoride sensitive polymer focused on silyl enol ether monomers, such as 
trimethyl(vinyloxy)silane, as these resulting polymers would be expected to degrade when 
exposed to fluoride due to their siloxy group.  The rationale for these polymers was similar to 
that of the PVESs (Chapter 4).  The thermal degradation of PVtBCS was proposed to go 
through a mechanism that proceeds through carbonate elimination generating a hydroxy 
intermediate followed by subsequent polymer chain degradation.
6
  For the silane work, this 
hydroxy intermediate was protected by the siloxy group to enable the potential rapid 
degradation of the polymer if triggered.  Poly(trimethyl(vinyloxy)silane sulfone) 
(PTMVOSS) (Scheme 5.5) was successfully polymerized, but ultimately it was found that 
the polymer completely degraded during work up in methanol, which was acidified by the 
excess sulfur dioxide.  Further investigation of other related monomers revealed that working 
with these monomers was challenging due to low stability. 
 
Scheme 5.5  Structures of poly(trimethyl(vinyloxy) silane sulfone) and poly(vinyl trimethyl 
silane sulfone) 
 
 
Due to the stability issues with the silyl enol ethers, focus was shifted to vinyl silanes 
which were also expected to be fluoride sensitive.  When subjected to fluoride, the silane 
pendent group will be removed from polymer backbone resulting in an unstable backbone 
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ultimately resulting in polymer degradation.  Poly(vinyl trimethyl silane sulfone) (PVTMSS) 
was the logical first choice as the monomer vinyl trimethyl silane was commercially 
available (Scheme 5.5).  The polymer PVTMSS has been reported previously and explored 
for photoresist applications, but not for fluoride degradation applications.
32-36
 Through 
modification of the procedures of Gozdz and Bowden, PVTMSS was successfully prepared 
in one step (Scheme 5.6).
32
   
 
Scheme 5.6  Synthesis and of poly(vinyl trimethyl silane sulfone). 
 
 
After preparing PVTMSS, the polymer’s sensitivity to fluoride was assessed.  When 
1 equiv of either tetrabutylammonium fluoride (TBAF) or tetrabutylammonium 
difluorotriphenylsilicate (TBAT), both organic solvent soluble fluoride sources, was added to 
the polymer, rapid and complete degradation was observed within one hour (Figure 5.22).  
This degradation was characterized through the loss of the polymer peaks (δ 5.41 – 3.12 and 
δ 0.47 – 0.21) and the growth of degradation product peaks in the region of δ 0.24 – 0.00.  
The degradation products of this reaction have not yet been fully characterized. 
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Figure 5.22  
1
H NMR spectra of the degradation of PVTMSS in deuterated THF with 
tetrabutylammonium difluorotriphenylsilicate at room temperature for 1 h.  Sections of the 
spectra are shown for simplicity. 
 
The stability of PVTMSS was further investigated in basic and acidic environments 
as silanes are known to be susceptible to degradation under these conditions.  Pyridine was 
chosen as the base and trifluoroacetic acid (TFA) as the acid.  In the case of pyridine, it was 
found that after 16 hrs there was evidence of degradation of the polymer as seen in the 
appearance of an additional peak in the silyl region (Figure 5.23).  As this peak emerged in 
the spectrum, the polymer was also still present in the spectrum indicating that while the 
polymer was sensitive to pyridine, the degradation took place over a much longer time frame 
for fluoride degradation.  In the case of TFA, after 16 hrs, there was no evidence of a 
degradation peak in the silyl region and the polymer was still present (Figure 5.23).  This 
indicated that in the presence of TFA did not cause significant degradation and that the 
172 
 
polymer was stable to this acid.  Future studies will involve further exploration of conditions 
to which the polymer is sensitive. 
 
 
Figure 5.23.  
1
H NMR spectra of the degradation of PVTMSS in deuterated THF with (a) no 
additives, (b) 5 equiv trifluoroacetic acid, and (c) 5 equiv pyridine at room temperature for 16 
h.  Sections of the spectra are shown for simplicity. 
 
In conclusion, PVTMSS was successfully polymerized and isolated.  The polymer was 
found to rapidly degrade in the presence of fluoride.  The stability of PVTMSS was also 
assessed in basic and acidic conditions and it was found that degradation under these conditions 
was much less rapid compared to fluoride.  Future work will focus on the scale up of the polymer 
synthesis and the mechanical, thermal, and barrier property assessment of the polymer to 
determine its feasibility in encapsulation and transient electronic devices. 
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5.7 Experimental details 
5.7.1 Materials and methods 
All commercially available reagents, except for monomers, were used as received 
without further purification.  The vinyl butyl carbonate monomers were synthesized as 
previously reported,
6
 then triple distilled, deoxygenated by freeze-pump-thaw (three times) and 
stored in Schlenck tubes at -20 °C.  tert-Butyl hydroperoxide was purchased from Sigma Aldrich 
as a 5-6 M solution in decane and was assumed to be 5.5 M for all calculations.  Sulfur dioxide 
(anhydrous, 99.98%) was purchased from Airgas in lecture bottles.  Dichloromethane (DCM) 
and tetrahydrofuran (THF) were purified and dried by passing through two columns of neutral 
alumina under nitrogen pressure prior to use (solvent purification system by Pure Process 
Technology).  A 3-neck graduated cylinder (a 25-mL cylinder with two 20/24 female joints and a 
right angle Kontes valve) was fabricated by the glass shop at the School of Chemical Sciences, 
University of Illinois Urbana-Champaign (SCS, UIUC).  Unless otherwise noted, all reactions 
were carried out under argon atmosphere using standard Schlenk techniques in a chemical fume 
hood.  All glassware was oven-dried prior to use. 
All 
1
H and 
13
C NMR spectra were recorded using a Varian 500, 600, or 750 MHz 
spectrometer.  
13
C NMR were measured with a proton-decoupled pulse sequence.  All chemical 
shifts are reported relative to the deuterated solvent [
1H (THF) δ = 1.72 ppm; 1H (CDCl3) δ = 
7.26 ppm].  Analytical gel permeation chromatography (GPC) analyses were performed on a 
Waters1515 Isocratic HPLC pump, a Waters (2998) Photodiode Array Detector, a Waters (2414) 
Refractive Index Detector, a Waters (2707) 96-well autosampler in THF at 30 °C.  The 
instrument was equipped with a series of 4 Waters HR Styragel columns (7.8 x 300mm, HR1, 
HR3, HR4, and HR5) and was calibrated using monodisperse polystyrene standards.  UV-Vis 
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spectra were recorded using a Shimadzu UV-2401PC.  Standard quartz cells and standard quartz 
flow cell cuvettes with a path length of 1 cm were purchased from Starna Cells. Flow cell UV-
Vis experiments were performed using Masterflex L/S Digital Economy Drive Model 7524-40 
peristaltic pump equipped with a Masterflex EW-77390-0 PTFE-Tubing Pump Head (flow rate = 
1 mL/min).  Fluorescence spectroscopy was performed on a Horiba Fluoromax-4 
spectrofluorometer.  Thermogravimetric analysis (TGA) was performed on a TA Instruments 
Q50 analyzer.  Samples were heated in a platinum crucible at a rate of 5 °C/min under a nitrogen 
atmosphere.  Differential scanning calorimetry (DSC) was performed using a TA Instruments 
Q20 differential scanning calorimeter with aluminum pans.  Ramped DSC scans were performed 
at a rate of 5 °C/min in the temperature range of -50 °C to 10 °C below the decomposition onset 
temperature.  Scanning electron microscopy (SEM) was performed with a Philips XL30 ESEM-
FEG. Before SEM imaging, samples were sputter-coated with Au/Pd to eliminate charging 
effects (ca. 7 nm). Elemental analysis (CHNSCl) was performed by the Microanalysis 
Laboratory at the SCS, UIUC. 
 
5.7.2 Synthesis of poly(olefin sulfone)s and poly(phthalaldehyde) 
General polymerization procedure for poly(olefin sulfone)s
6
 
A typical polymerization procedure is as follows: a three-neck round-bottom flask was fitted 
with a cold-finger, a stir bar, a gas inlet adapter and a rubber septum.  The monomer (1 g) was 
added to the flask which was cooled in an acetone/dry ice bath.  Sulfur dioxide (20 equiv) was 
condensed at -78 °C into a 25-mL, three neck graduated cylinder which was vented through a 
bubbler into an aqueous solution of sodium hydroxide.  The sulfur dioxide was subsequently 
transferred from the graduate cylinder to the three-neck flask via the cold finger and the solution 
was allowed to equilibrate to -78 °C for 5 min, or if another temperature was desired, transferred 
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to a different cold bath and allowed to equilibrate.  tert-Butyl hydroperoxide (1-5 mol %) was 
added to the solution, which immediately turned cloudy.  The polymerization was allowed to 
proceed for 3 h with the solution typically solidifying within 20 minutes.  The polymer was 
drawn from the reaction mixture using tweezers and transferred into cold methanol.  The solid 
polymer was then collected by vacuum filtration before being dissolved in acetone and re-
precipitated into cold methanol.  The polymer was dried overnight under high vacuum, then 
subsequently further dried by either lyophilization.  The polymer was then stored at -20 °C. 
 
Poly(vinyl butyl carbonate sulfone) (PVBCS) 
 
Polymerizations were carried out as described by Lee et al.
6
  
1
H NMR and 
13
C NMR spectra 
were consistent with the previous report.   
 
Table 5.5  Molecular weights of PVBCSs 
Polymer Mn (kDa) Mw (kDa) PDI 
PVtBCS 48 95 1.98 
PVnBCS 105 337 3.21 
PViBSC 120 376 3.11 
PVsBCS 114 256 2.23 
 
Poly(methyl acrylate sulfone) (PMAS) 
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Polymerization was carried out using a procedure modified from that of Tsonis and Ali
27
 with 
methyl acrylate (1 equiv, 11.8 mmol, 1.01 g), sulfur dioxide (20 equiv, 237 mmol, 10.4 mL), and 
tBuOOH (2.5 mol % at 5.5 M in decane, 0.15 mmol, 26.5 μL), yielding P2 as white solid (0.790 
g, 45 %).  
1
H NMR (500 MHz, CDCl3) δ 4.431 – 2.921 (m), 2.814 – 1.797 (m).  Anal. calcd for 
C4H5O4S C, 32.00; H, 4.03; S, 21.35; found: C, 41.99; H, 5.24; S, 11.03.  GPC analysis (DMF): 
Mn = 44 kDa; PDI = 1.3. 
 
 
Figure 5.24  
1
H NMR spectrum of PMAS in deuterated chloroform. 
 
Poly(tert-butyl acrylate sulfone) (PtBAS) 
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Polymerization was carried out using a procedure modified from that of Tsonis and Ali
27
 with 
tert-butyl acrylate (1 equiv, 7.8 mmol, 1.00 g), sulfur dioxide (20 equiv, 159 mmol, 7.0 mL), and 
tBuOOH (2.5 mol % at 5.5 M in decane, 0.20 mmol, 35.4 μL).  The polymer did not precipitate 
well into cold methanol, solvents and monomers were removed via rotary evaporation and high 
vacuum, ultimately yielding PtBAS as colorless solid (0.64 g, 43 %).  
1
H NMR (500 MHz, 
CDCl3) δ 4.24 – 3.57 (m, 1H), 3.46 – 2.91 (m, 1H), 2.67 – 2.18 (m, 1H), 1.64 – 1.39 (br d, 9H).  
GPC analysis (THF): Mn = 25 kDa; Mw = 66 kDa; PDI = 2.6. 
 
 
Figure 5.25  
1
H NMR spectrum of PtBAS in deuterated chloroform. 
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Poly(trimethyl(vinyloxy) silane sulfone)  (PTMVOSS) 
 
Polymerization was carried out with vinyl pivalate (1 equiv, 3.8 mmol, 0.44 g), sulfur dioxide 
(40 equiv, 152 mmol, 6.7 mL), and tBuOOH (2.5 mol % at 5.5 M in decane, 0.10 mmol, 17.3  
μL).  The polymer degraded in the acidic methanol work up conditions and could not be 
characterized.  Potentially, the use of petroleum ether or hexanes for precipitation could lessen 
this degradation. 
 
Poly(vinyl trimethylsilane sulfone)  (PVTMSS) 
 
Polymerization was carried out in at -29 °C (dry ice/o-xylenes)
32
 with vinyl trimethylsilane (1 
equiv, 20 mmol, 1.83 g), sulfur dioxide (8 equiv, 164 mmol, 7 mL), and tBuOOH (2 mol % at 
5.5 M in decane, 0.4 mmol, 73 μL), yielding PVTMSS as white solid.  1H NMR (500 MHz, 
CDCl3) δ 4.24 – 3.57 (m, 1H), 3.46 – 2.91 (m, 1H), 2.67 – 2.18 (m, 1H), 1.64 – 1.39 (br d, 9H).  
GPC analysis (THF): Mn = 14 kDa; Mw = 63 kDa; PDI = 4.33. 
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Figure 5.26  
1
H NMR spectrum of PVTMSS in deuterated chloroform.  Peaks between 2 ppm 
and 0.75 ppm are impurities. 
 
Polymerization of poly(phthalaldehyde)
23,37
 
 
The monomer, o-phthalaldehyde (3.7 mmol, 0.50 g), was weighed out into a Schlenck flask and 
the flask was purged by backfilling with nitrogen three times.  DCM (3.5 mL) was added to the 
flask and the monomer was allowed to dissolve at room temperature.  The initiator BF3·OEt2 (1.5 
mol %, 0.061 mmol, 7.5 μL) was quickly added to the flask as the flask was simultaneously 
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lowered into a -78 °C dry ice/acetone bath.  The reaction was then stirred for 30 min.  Pyridine 
(1.2 mmol, 0.1 mL) was then added to the flask and the solution was stirred another 2 h.  The 
viscous solution was diluted with DCM and precipitated twice into cold methanol and dried 
under high vacuum overnight yielding the white, fibrous polymer which was stored under 
nitrogen at -20 °C.  
1
H NMR and 
13
C NMR spectra were consistent with the previous report.
23
  
GPC analysis (THF): Mn = 104 kDa; Mw = 285 kDa; PDI = 2.71. 
 
5.7.3 Preparation of polymer films 
Polymer films were drop cast from solutions of polymer in chloroform into PTFE-lined Petri 
dishes.
6
  The films allowed to  dry for 24 h on the bench top at rt.  Films for barrier property 
determination were cast from solutions of 100 mg of polymer in 3 mL chloroform.  Films for 
mechanical testing were cast from solutions of 300 mg of polymer in 3 mL chloroform.  Film 
thicknesses were measured using a micrometer, averaged over 15 samples. 
 
5.7.4 Mechanical testing 
Tensile Testing 
Polymer films (thickness ca. 100 -120 μm) were tested in uniaxial tension on a TA RSA III 
dynamic mechanical analyzer at room temperature. Samples were tested at a constant 
displacement of 0.3 mm/min with a gauge length of 10 mm. Engineering stress and strain were 
calculated from the load-displacement data and the elastic modulus was measured from the 
initial linear stress-strain response. 
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5.7.5 Determination of polymer barrier properties 
The barrier properties of polymer films were determined using Side-Bi-Side cells with a 5 mm 
orifice diameter and a 3.4 mL internal volume from Permegear, Inc. (Hellertown, PA, USA).  
The polymer films were placed between the cells and the cells were loaded with aqueous 
solution (receptor cell) or aqueous solution containing dye (donor cell).  For long term stability 
studies, the crossover of dye was monitored by fluorescence spectroscopy (λex = 553 nm, λem = 
573 nm) by taking aliquots of the receptor cell solution, runs were repeated in triplicate.  For 
polymer degradation studies, the crossover of dye was continuously monitored by flowing the 
contents of the receptor cell through a cuvette recording the absorbance by UV/Vis spectrometry 
(λ = 573 nm), four to six film samples were tested for each polymer.31 
 
To determine the water permeability of polymer films, the films were placed between the cells 
and the cells were loaded with D2O (receptor cell) or water (donor cell).  Periodically, 100 μL 
samples were taken from the receptor cell and combined with a solution of 10 μL DMSO in 500 
μL D2O.  The amount of water crossover was determined through NMR integrating using DMSO 
as an internal standard. 
 
5.7.6 NMR degradation   
Base Degradation of Poly(olefin sulfone)s in THF and Chloroform 
Samples for NMR degradation studies were prepared in an argon glovebox in NMR tubes sealed 
with rubber septa.  Solutions were prepared in deuterated THF, or deuterated chloroform, with a 
concentration of 70 mM polymer (based on repeat unit molecular weight) and 7 mM 
trimethylphenylsilane as an internal standard.  Initial spectra were acquired of the solution, then 
182 
 
the desired amount of the additive was injected into the NMR tube via syringe through the rubber 
septum and the degradation was monitored over time.   
 
Bases degradation of PMAS in water 
In a vial, 6.5 mg of PMAS was combined with 0.6 mL 1M KOH in D2O.  The sample was 
allowed to sit for 25 h and then characterized by NMR spectroscopy. 
 
5.7.7 Thermal gravimetric analysis of PVtBCS and cPPA degradation 
For thermal degradation experiments characterized by TGA miniature polymer films were 
prepared.  A stock solution of additive (MY, PS, and/or PVtBCS) in chloroform was prepared 
with the desired additive loading.  Polymer (20 mg, cPPA or PVtBCS) was weighed out into a 
small vial and 200 μL of the stock solution was added.  After the polymer was dissolved, 100 μL 
of the polymer solution was transferred to a PTFE-lined Petri dish using a micropipette.  The 
drop of solution was spread out on the surface and allowed to dry on the bench top for 6 h prior 
to TGA characterization. 
 
5.7.8 GPC characterization of the thermal degradation of PVtBCS 
GPC characterization of solid samples 
A polymer stock solution of 33 mg PVtBCS per 1 mL of acetone was prepared.  To individual 7 
mL vials, 300 μL of the stock solution was added and the solution was allowed to evaporate 
overnight.  The vials were then flushed with nitrogen for 15 min prior to being capped.  The vials 
were then stored at the desired temperature and periodically sampled by dissolving the vial 
contents in 1 mL THF and assessing the molecular weight by GPC. 
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GPC characterization of polymer solutions 
In the glove box, a solution of PVtBCS (10 mg/l mL THF) was prepared and portioned out into 
individual  7 mL vials.  The vials were then stored at the desired temperature and periodically 
sampled by assessing the molecular weight by GPC. 
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Appendix A:  Characterization of the Base-induced Degradation of 
Poly(vinyl ester sulfone)s  
 
A.1 Experimental details  
Samples for NMR degradation studies were prepared in an argon glovebox in NMR tubes sealed 
with rubber septa.   Solutions were prepared in deuterated THF with a concentration of 70 mM 
polymer (based on repeat unit molecular weight) and 7 mM trimethylphenylsilane as an internal 
standard.   Initial spectra were acquired of the solution, then 5 equiv pyridine was injected into 
the NMR tube via syringe through the rubber septa and the degradation was monitored over time.   
The experiments were repeated in triplicate for each polymer. 
 
A.2 Polymer structures 
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A.3 Degradation curves and NMR spectra 
 
Figure A.1  Degradation of P1 in deuterated THF when exposed to 5 equiv pyridine at room 
temperature as monitored by 
1
H NMR spectroscopy.   
 
 
Figure A.2  
1
H NMR spectrum of the degradation of P1 in deuterated THF when exposed to 5 
equiv pyridine at room temperature.   
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Figure A.3  Degradation of P2 in deuterated THF when exposed to 5 equiv pyridine at room 
temperature as monitored by 
1
H NMR spectroscopy.   The monomer chloroacetate peak could 
not be accurately integrated due to peak overlap and is not shown.  
 
 
 
Figure A.4  
1
H NMR spectrum of the degradation of P2 in deuterated THF when exposed to 5 
equiv pyridine at room temperature.   
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Figure A.5  Degradation of P3 in deuterated THF when exposed to 5 equiv pyridine at room 
temperature as monitored by 
1
H NMR spectroscopy.  The benzoate peaks for the polymer, the 
monomer and the degradation products could not be accurately integrated due to peak overlap 
and are not shown. 
 
Figure A.6  
1
H NMR spectrum of the degradation of P3 in deuterated THF when exposed to 5 
equiv pyridine at room temperature.   
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Figure A.7  Degradation of P4 in deuterated THF when exposed to 5 equiv pyridine at room 
temperature as monitored by 
1
H NMR spectroscopy.  The monomer pivalate peak could not be 
accurately integrated due to peak overlap and is not shown. 
 
 
Figure A.8  
1
H NMR spectrum of the degradation of P4 in deuterated THF when exposed to 5 
equiv pyridine at room temperature.   
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Figure A.9  Degradation of P5 in deuterated THF when exposed to 5 equiv pyridine at room 
temperature as monitored by 
1
H NMR spectroscopy.  The polymer methyne (H2) peak could not 
be accurately integrated due to overlap with a THF peak and is not shown.  
 
 
Figure A.10  
1
H NMR spectrum of the degradation of P5 in deuterated THF when exposed to 5 
equiv pyridine at room temperature.   
 
